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ABSTRACT 
Two proteins were examined by Nuclear Magnetic Resonance (NMR) spectroscopy. The Emb-1 
protein of Daucus carota was found to have few spectral characteristics indicative of a stable tertiary 
structure. In psu*ticular, line-widths were narrow, chemical shift dispersion was poor and nuclear Over-
hauser effect spectra were sparse. The NMR spectra of Ribonuclease A was examined at a range of pH 
values and the chemical shifts of a selected number of resonances was plotted as a function of the pH. 
Prom these titrations curves pKg values were determined and assigned to specific ionizing groups within 
the protein based, in part, on physical proximity. These pKa values were then subjected to reliability 
criteria and composite pKo values were determined for 13 of the 15 groups expected to undergo ioniza­
tion in the pH range followed. Two previously unassigned resonances were assigned to the side chain of 
an arginine residue involved in a hydrogen bond with a carboxyiate. The results of this study were used 
to evaluate algorithms for the structure-based calculation of chemical shift as well as the calculation of 
electrostatic properties of a protein. 
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INTRODUCTION 
Dissertation Organization 
This work documents three areas of research with the common theme of using biophysical techniques 
to explore aspects of protein structure. The first area is em investigation of the Emb-1 protein which 
is discussed in the second chapter of this work. The author's role in this project was limited to the 
biophysical studies. The sections in that manuscript concerning the biophysical analysis were primarily 
written by the author with editorial input from Dr. Agustin Kintanar. The discussion of this work is 
in the form of a published manuscript. 
The experimental determination and interpretation of the pH titration of ribonuclease A constitute 
the second area of research discussed in this dissertation and with guidance from Dr. Agustin Kintanar, 
the author was the sole contributor to this project and also wrote the submitted manuscript. This 
work is presented as a reprint of the published manuscript in the third chapter of this dissertation. 
Appendix A contains tabulations of the titration and distance data used in making assignments of 
ionization constants. 
The third area of research discussed in this dissertation is an extension of the pH titration of 
RNase A. Electrostatic calculations using a package of computer programs written by Dr. Barry Honig 
and coworkers were applied to RNase A. The calculations discussed in this dissertation were carried 
out solely by the author and it is this line of research that will be the focus of the remainder of this 
introductory chapter. The results and discussion of this work will be presented in the fourth chapter 
and the conclusions will be made in the subsequent chapter. Appendix B and Appendix C provide 
Eidditional information regarding these calculations. 
Slight format modifications have been made in the two published manuscripts in order to comply 
with the guidelines required for this dissertation. Section heeidings have been inserted in certain plzices 
on the advice of the ISU Thesis office. The references contained within each manuscript have been 
altered so that literature citations are given for the entire dissertation in the "REFERENCES" chapter 
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in the format of the journal Biochemistry. It is the author's opinion that this style of citation is more 
informative and therefore this style was used throughout this dissertation although it was not the format 
used in the two published manuscripts. Figure and table numbering are sequential within each chapter. 
Ribonuclease A 
From the pioneering work of Aniinsen et al. (1961) on the folding of RNase A, the "Holy Grail" of 
the biophysical sciences has been an understanding of how proteins fold into their final conformation. 
While considerable progress has been made and many insights uncovered, science is still quite far from 
achieving this goal. A wide variety of tools have been utilized, from chemicetl methods to spectroscopic 
techniques. It was discovered that the magnetic properties of molecules could be used as probes of their 
structures (Lamb, 1941; Arnold et ai, 1951) and as the technology advanced, the level of complexity 
of the systems amenable to studies of this kind increased. The advent of multi-dimensional nuclear 
magnetic resonance spectroscopy opened many new doors and heis allowed a plethora of systems to be 
analyzed (Wiithrich, 1986). The electrostatic properties of proteins is one of many facets of protein 
behavior accessible to study by NMR techniques. Since much of the work in this dissertation concerns 
the protein RNase A, a brief overview of the structure of this protein seems prudent. Bovine pancreatic 
RNase A is a 124 zunino acid protein with 5 glutamate residues, 5 aspartate residues and four histidines 
in addition to the carboxy terminus. The position of the carboxylate groups are shown in Figure I as 
red, the histidines in blue and the residues which had protons whose pH titrations were monitored by 
NMR are shown in yellow. The protein contains 6 /^-strands and 3 a-helices. The active site is a cleft 
between the N-terminal helix and the C-terminal strand which positions H12 and H119, respectively, 
for cleavage of phosphodiester bonds of the nucleic acid substrates. 
Electrostatics 
The pH-dependent properties of proteins has long been of interest to biochemists who seek to 
understand the biological range of function of their systems. This also poses a problem of interest to 
theoreticians because of the challenge of extending classical electrostatic theory to systems of complex 
organization at the molecular level. There are, for example, systems with charge-charge intersictions that 
behave in a counter-intuitive fashion (Cudd & Fridovich, 1982). Additionally, the energy contributions 
of electrostatic interactions may affect protein conformation. With the growing demand for structural 
knowledge, details of such energetics cannot be overlooked: " Given the importance of 
Figure 1 Ribbon drawing of RNase A with the histidine residues highlighted 
in blue, the carboxylate groups highlighted in red and other residues 
whose titrations were monitored designated in yellow. 
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electrostatic effects in macromolecular systems, it is unfortunate that the largest errors in potential 
energy functions of the molecular mechanics type are made in these terms for electrostatic interaction 
(Harvey, 1989)." In a more diverse area, structure-based nuclear magnetic resonance chemical shift 
calculations (Osapay & Case, 1991) are dependent upon knowledge of the environment of a nucleus, 
electrostatics included. 
There are a variety of approaches to the determination of the electrostatic properties of macro-
molecules, but most share a common theme based upon classical electrostatic theory that derives from 
the Debye-Hiickel theory of electrolytes. The end-point of this treatment is some form of the Poisson-
Boltzmann equation. Although originally used to describe systems of ions in solution, the Debye-Hiickel 
treatment was extended to the ionizing groups on proteins. To deal with a system like a protein which 
contains multiple ionizing groups in unique micro-environments, the starting point is the Poisson equa­
tion familiar from electrostatic theory: 
V2^(r)-H^/,(r)=0 (1) 
where V is the differential operator, <t> is the electrostatic potential, r is the position vector and p is the 
charge density. Equation 1 relates the spatial variation of the potential to the charge distribution and 
allows the analysis of shapes other than simple spheres. However, if the dielectric constant is a spatially 
varying function, then e = €(r). Under these circumstances, the Poisson equation becomes 
V £ ( r ) V 4 > { r ) + 4 n p { r )  =  0  (2) 
If, in addition to the non-uniform dielectric constant, the medium contains mobile ions, the tendency 
of these ions to move in a non-random fashion must be taken into consideration via the charge density 
P(r) = Pion, (r) -t- Pprot (r) (3) 
where p,on»(r) is the mobile ion charge density and Pprot{r) is the protein charge density. From the 
Debye-Hiickel theory, 
Pion, (r) = ^ eNiCi{r) (4) 
where e is the electron charge, N,- is the valency of the ion (the integer charge) and Ci(r) is the number 
of ions per cubic centimeter of solution. It is sissumed that the ion density is given by a Boltzmann 
distribution so that 
6 
C. _Co, exp(^ itr ) (5) 
with Cot being the initial ion concentration of species i. The exponential in Equation 5 can be expanded 
in terms of a i>ower series 
If the electrostatic energy is small as compared to the thermal energy, such that eNi<t>(r) kT, then 
Therefore, 
and 
(8) 
(9) 
and the terms can be separated to give 
Pion (r) = e • NiCo,^ + e • ^ N^Coi • (10) 
The first sum is simply zero by virtue of the requirement for electroneutrality of the solution, so 
P.on(r) = e • ^ NiCoi • (11) 
Coi is given in terms of ions per cubic centimeter of solution and can be converted to a more conventional 
moles per liter by 
_ lOOOCoi 
where Nyi is Avogadro's number. Rearranging, 
^ A o i  / 1 Q \  
~ 1000 ^ ^ 
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Therefore 
Pion(r) = —• jQQQj^j- • ^iCuoi (14) 
j 
where ^(r) has been removed from the summation since it has a positional dependence rather than an 
ionic species dependence. Defining the molar ionic strength I 
(15) 
t 
gives 
Pion{ r )  = -<^(r) • (16) 
Substituting this expression into Equation 3 and Equation 2 leads to the linear Poisson-Boltzmann 
equation 
Vc(r)V(^(r) - + 47rpprot(r) = 0 (17) 
Defining the modified dielectric-independent Debye-Hiickel factor as 
2 _ Sttc^NaI , g. 
loooifcr ^ ' 
Equation 17 becomes 
Vc(r)V(^(r) - •<^(r) -I- Arpprotir) = 0 (19) 
and is the final form of the linear Poisson-Boltzmann equation. 
Early methods dating to the mid-1900s made several assumptions about proteins which m8ide the 
calculations more accessible to the computational power available at the time. Among the assumptions 
meule by early workers are: (i) the protein is a solvent-impenetrable sphere; («i) all titrating groups 
within the protein are independent except for electrostatic interactions; (in) titrable groups of a given 
type are identical; («u) titrable groups may occupy with equal probability any position on the surface 
of the sphere. That these assumptions were not an entirely accurate picture of proteins is admitted: 
"Furthermore, protein molecules are believed to be tightly coiled in a specific way, so that the acidic 
and basic groups must occupy definite fixed positions, not necessarily at the surface, and certainly not 
evenly distributed" (Tanford & Kirkwood, 1957). It should be noted that detailed structural information 
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was not avstilable at that time. The approach used by Tanford and Kirkwood (1957) was to continue to 
assume the protein was a sphericed molecule with a low dielectric constant. Subsequent work considered 
the protein-solvent system to be comprised of 3 distinct regions; an inner sphere of low dielectric with 
embedded charges (the protein region); a shell of higher dielectric that excludes mobile ions; and an 
outer shell of bulk solvent with an inclusion of the effects of ionic strength (Tanford, 1957). The 
assumption of a spherical shape was required by the limitations of the computational capacity and gave 
a solution of the Poisson-Boltzmann equation in the form of sphericad harmonics. This work found that 
the electrostatic energy was highly sensitive to the depth that the protein charges were placed beneath 
the protein-solvent interface. 
Finite Difference Methods 
In the 1970s, the Tanford-Kirkwood method was extended to included the surface accessibility 
of groups within the protein as x-ray structures had become more readily available (Shire et ai, 1974; 
Matthew & Richards, 1982) and met with some degree of success. States and Karplus (1987) introduced 
a method to allow charges to reside in a position more closely mimicking their true location, although 
a spherical geometry for the protein was still assumed. It was the application of numerical methods, 
specifically the finite difference technique, that has allowed a realistic geometry for the protein to be 
used. Finite difference methods are a numerical integration which replaces the continuous variables of a 
differential equation (or a set of differential equations) with a system utilizing discrete variables. This is 
done by defining a mesh or grid which models the continuous system (Press et ai, 1986). To illustrate 
the principles of this method, consider the simple differential equation (Mickens, 1994) 
f = m (20) 
where f(y) is some function, either linear or non-linear. To obtain a finite difference solution to this 
equation, the system must be mapped onto a lattice which has (in the applications discussed in this 
dissertation) a uniform step size At = h. Each continuous point t now becomes a discrete point tk such 
that 
t — H k  =  h k  (21) 
where k is the indexing integer which defines the lattice spacing. The function y(t) is replaced by the 
sequence {y/t} and is no longer continuous either, y* representing the approximation of y(ti,). Similarly, 
9 
f(y) = f[y(^k)} —> /*• In this system, the derivative ^ can be expressed in a variety of distinct forms 
such as 
Forward Euler scheme 
y — ^ {vt Backward Euler scheme (22) 
^ y*-') Central difference scheme 
Note that these difference forms are similar to the standard definition of the first derivative in calculus, 
such as 
I = (^3, 
which is analogous to the forward Euler Equation 22. 
Replacing the initial differential equation (Equation 20) with the finite difference operators gives 
^  =  f { y )  —^ = /(„,) (24) 
which can also be expressed in other forms corresponding to the backward Euler or central difference 
scheme. This is an imp>ortant aspect of finite difference methods: the solution to a given problem is not 
necessarily unique (Mickens, 1994). The various finite difference methods give a variety of sequences 
proposed to approximate the actual solution, some of which have a greater degree of accuracy. To 
i l l u s t r a t e  t h i s ,  c o n s i d e r  t h e  e x a m p l e  a b o v e  w i t h  f ( y )  =  — y .  E q u a t i o n  2 0  n o w  b e c o m e s  ^  =  — y -
Among the finite difference schemes that can be used to model this equation are 
Direct forward Euler; — ~yk !/fc+i = (\ — ^)yk 
Discrete model: V-t' - = _y*t' - v* 
(25) 
Central difference: ii, ffc+2 + 2/»yfc+i - y/t = 0 
Backward Euler: "a"*"' = -J/fc+i ffc+i = t+T 
The coefficients of the step size k can therefore lead to different results depending upon which scheme 
is used. 
To apply finite difference methods to the Poisson-Boltzmann equation, Equation 19 is first written 
in integral form. 
/ / J J >i^<i>(r) d V  +  4nJ ^ f Pprotcin{ r )  dV = 0 (26) 
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The second integral in Equation 26 may be approximated by (Klapper et ai, 1986) 
/  /  J ( 2 7 )  
while the third integral in Equation 26 is 
I! ~ 
where qo is simply the total fixed charge conteiined within the volume element of dimension From 
Gauss's theorem, 
f J j Vc(r)V4>{r)dV = J J e(r)V<l>(r) dA (29) 
while application of the finite difference operator for V to the right-hand side of Equation 29 gives 
//• €(r)V^(r)dA = - <l>o)h (30) 1=1 
where is the potential at each of the six neighboring grid boxes. Ck>mbining these terms yields the 
finite difference form of the linear Poisson-Boltzmann equation 
6 
^ ~ ~ (31) 
1 = 1  
which can be solved for 
(E.f.«^.+4jr9o) 
*' -
An initial estimate of is made for all grid points or regions and Equation ( 31) is solved, which 
generates new estimates for these potentials which are used as input for another cycle of iteration. This 
process is repeated until a self-consistent set of solutions for all potentials is reached. 
In the preceding derivation and the discussion that followed, it is readily apparent that there are 
several critical parameters involved in a Poisson-Boltzmann calculation. The grid size will be a clear 
determinant of the ziccuracy of the final results and the choice of this parameter must allow the property 
of interest to be approached in a realistic and meaningful manner (Mickens, 1994). The protein molecule 
and its charges are mapped onto the grid and each of the eight corners of an individual grid box is 
assigned a weighted fraction of the charge contained within the grid box. Therefore, a coarse grid 
increases the likelihood that a grid box will contain more than one charge and will require a degree 
11 
of charge averaging that will not accurately reflect the charge distributions within the protein. It has 
been observed that errors increase in close proximity to point charges (Gilson et al., 1986) which implies 
the possibility of errors when the grid is too fine. In general, a finite difference scheme is said to have 
numerical instability if solutions to the finite difference equations do not accurately reflect solutions to 
the originstl differential equations (Mickens, 1994). Another factor of concern is how the boundary of the 
grid is treated. If a charged group of interest is close to the boundary of the grid lattice, the lack of grid 
neighbors will prevent the potential from being calculated as set forth. This, then, could easily result in 
an inaccurate potential for the boundary grid box which in turn could lead to an incorrect determination 
of the potential for the charged group of interest. Therefore, grid boxes at the boundary are assigned 
potenti2ds which are fixed for the calculation. There are several approaches to this assignment and 
the specific methods used by the program DELPHI to determine the boundary potentials are discussed 
in Appendix B. Another p£irameter which has been the focus of much debate is the protein dielectric 
constant. There is a great deal of evidence from a variety of sources which indicate the dielectric 
constant of a protein is ~2-4 (Harvey, 1989). However, using a higher but admittedly unrealistic value 
has allowed more faithful reproduction of experimental values in certain cases (Antosiewicz et ai, 1994). 
Warwicker and Watson (1982) used the finite difference method to investigate the stabilizing effect 
of a-helical dipoles on charged substrates. The dielectric constant for each grid box was assigned either 
the high or low value depending on whether the grid box was within the protein interior or in the 
bulk solvent. Grid lines at the intersection of grid boxes were also assigned a dielectric value which 
was the average value of the four boxes that intersected at that particular line. Russell and Warshel 
(1985) calculated the pKo values of a trypsin inhibitor using the Langevin dipole Protein dipole (LDPD) 
method which focuses on polarizability (and hence, dipoles) as opposed to assigned charges. Utilizing 
this method. Van Belle et al. (1987) found that the choice of partial charges is a more important 
consideration than the atomic polarizability by virtue of the r~' dependence of the electric field on 
monopole charges versus the r~^ cos 6 dependence for dipoles. 
The DELPHI package has been used extensively to investigate a variety electrostatic-related phe­
nomenon. The observations of the properties of Cu/Zn superoxide dismutase (SOD) provide a good test 
of the methods to calculate the electrostatic properties. SOD has a rate constant of ~10® M~'s~^ with 
the active-site copper ion occupying 0.1% of the surface area of the protein. The protein also carries a 
net charge at pH 7 of —4 and shows a decre£ise in the rate constant as the ionic strength is increased 
from 0 to 150 mM (Cudd & Fridovich, 1982). Given that one substrate, superoxide, is an anion and is 
also at low concentration physiologically, the high rate constant and the ionic strength-dependent ob­
12 
servations seem counter-intuitive. By calculating the electrostatic field of the protein and its active site 
and incorporating a Brownian diffusion model, Sharp et al. (1987) were able to reproduce the kinetic 
observations. The etctive site of SOD has a positive potential which is attractive to the superoxide anion 
and increased ionic strength will act as a screen for this potential, resulting in a decrease in the rate. 
More relevant to the work presented in this dissertation are applications of DELPHI to the problem 
of calculating pK^ values. Russell et al. (1985) experimentally measured the pKa shifts of a histidine 
residue in subtilisin which had two independent mutations, Asp 99-^Ser and Glul56->Ser, which pro­
vided a rare opportunity to assess the predictive power of electrostatic calculations. Gilson and Honig 
(1987) used finite difference methods to provide solutions to the linear Poisson-Boltzmann equation 
and thereby determine these pKg shifts at the ionic strengths used in the experimental study. The 
experimental pKa shifts were less than 0.5 pH units and the calculated values generally reproduced 
these results to within a tenth of a pH unit (Table I). Expanding this line of work, Gilson and Honig 
(1988) made a comparative assessment of a variety of methods of pKa calculation for His 64 of subtil­
isin when the same two carboxylate groups are individually changed to serine. The Poisson-Boltzmann 
calculation using the program DELPHI reproduced the experimental PKA shifts for both Asp 99->Ser 
and Glu 156->Ser to within 0.1 pH unit for most calculations at two ionic strengths. Small discrep­
ancies arose when the protein dielectric was changed, ranging from (protein = 1 to 78. Much larger 
differences were seen when the crystallographic waters were not included as pjirt of the calculation; the 
errors were largest for Glu 156—>Ser which had calculated pKa shifts more than 2 pH units larger than 
those seen experimentally. Gilson and Honig (1988) also made calculations using simpler models such 
as a distance-dependent dielectric constant Coulomb's law model (which gave consistently erroneous 
results) and variations of the Tanford-Kirkwood approach. While the latter method was not as capable 
of reproducing the experimental results as the Poisson-Boltzmann calculations, the differences were still 
under a few tenths of a pH unit. 
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Table I pKp Shifts in subtilisin: Experimental and Calculated". 
D99 E156 
Ionic Strength 
System Conditions 0.005 0.1 0.001 0.1 
Experimental'' 0.38' 0.26 0.39 0.25 
Model I"* ^prot = 2 0.31 0.18 0.42 0.27 
Model W bound HjO only 0.96 0.85 2.7 2.7 
Model VI-' ^prot = 1 0.32 0.19 0.43 0.28 
Model Vlis ^prot = 10 0.26 0.15 0.27 0.24 
Model IX* fprot = R 1.2 1.2 1.5 1.5 
Model XI' T. K; i fpro( — 2 0.45 0.33 0.67 0.53 
(a) Data adapted from Gilson and Honig (1988). 
(b) Russell et al. (1987). 
(c) All entries have been multiplied by -1 for clarity as was the case in the 
original reference. 
(d) DblPhI finite difference calculation with i,oi = 80. 
(e) Same as Model I but with the bound layer of H2O only. 
(f) Same as Model I but with tprot = 1. 
(g) Same as Model I but with Cproi =10. 
(h) Simple model using only a distance-dependent dielectric constant. 
(i) Tanford-Kirkwood model (Tanford Si Kirk wood, 1957) with real charge 
depths and Cprot = 2. 
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THE EMBRYO SPECIFIC EMB-1 PROTEIN OF Daucus carota IS 
FLEXIBLE AND UNSTRUCTURED IN SOLUTION 
A manuscript published in Plant Science^ Juwhan Eom^*^, Wayne R. Baker^, Agustin Kintanar^, and 
Eve Syrkin Wurtele'-^'® 
Abstract 
The EMB-1 protein is a highly hydrophilic protein of unknown function that accumulates in embryos 
of carrot before seed desiccation. To investigate the structure of this protein, it was expressed in E. colt, 
and purified to near homogeneity by Q-Sepharose anion exchange chromatography, euid ultrafiltration. 
The purified protein was characterized by nuclear magnetic resonance spectroscopy under both 
aqueous conditions and conditions simulating desiccation. The NMR results reveal poor chemical shift 
dispersion, rapid chemical exchange of the amide backbone protons, unexpectedly narrow linewidths 
and the general absence of nuclear Overhauser effects. Together, these results indicate the EMB-1 
protein has no defined secondary or tertiary structure in solution and the polypeptide backbone of the 
EMB-1 protein is flexible on a sub-nanosecond time scale. 
Keywords: Embryo; Daucus cawta; Seed; desiccation; NMR; three dimensional structure 
This is Journal Paper 16726 of the Iowa Agriculture and Home Economics Experiment Station, 
Ames, Iowa, Project 2997 
Abbreviations: CD, circular dichroism; DTT, dithiothreitol; IPTG, isopropyl-/?-D-thiogalacto- pyra-
noside; NMR, nuclear magnetic resonance; NOE, nuclear Overhauser eff'ect; NOESY, nuclear Over­
hauser enhancement spectroscopy; SDS, sodium dodecyl sulfate; TFE, trifiuoroethanol. 
^Reprinted from Plant Science (1996) 115 17-24 with kind permission from Elsevier Science Ireland, Ltd., Bay 15K, 
Shannon Industrial Estate, Co. Clare, Ireland 
^Department of Botany, Iowa State University, Ames, Iowa 50011 
* Interdepartmental Plant Physiology Major, Iowa State University, Ames, Iowa 50011 
^Department of Biochemistry and Biophysics, Iowa State University, Ames, Iowa 50011 
^Corresponding author: PHONE (515)294-9688; FAX (515)294-1337; email: mashOiastate.edu 
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1. Introduction 
Embryogenesis is a fundamentai process of plant development in which a single ceil divides and 
differentiates to form a highly organized structure, the embryo. After the embryo is mature, the embryo 
and surrounding seed is severely desiccated, losing up to 95% of its water content. Upon rehydration, 
the embryo germinates and develops into the adult plant. Extreme desiccation is typically lethal to 
plants, and the mechanism by which the cells of the plant embryo maintsiin a minimal level of hydration 
and withstand desiccation is not understood. Several kinds of proteins have been found to accumulate in 
embryos prior to desiccation. Msmy of these proteins appear to be universal to all types of angiosperm 
embryos (Dure et al., 1989; Cuming, 1984; Esplund et ai, 1992; Wurtele et al., 1993; Ulrich et ai, 
1990; Hattori et ai, 1995; Finkelstein, 1993; and references therein). One class of these proteins (group 
1 LEAs) is highly conserved in sequence in both monocots and dicots. The proteins in this class are 
hydrophilic, rich in arginineand glycine, and comprise about 100 amino acid residues (Dure et al, 1989; 
Cuming, 1984). These proteins and their mRNAs accumulate specifically in plant embryos and have 
not been found in tissues or organs of the mature plant (Esplund et al., 1992; Wurtele et ai, 1993; Eom 
and Wurtele, unpublished data). EMB-1, which accumulates to high levels in embryos of Daucus carota 
(carrot) prior to seed desiccation, is a member of this class (Wurtele et ai, 1993; Ulrich et ai, 1990). 
The structure of the EMB-1 homologue of wheat, the Em protein, has been investigated by hydro-
dynamic methods and CD spectroscopy (McCubbin et ai, 1985). The CD spectrum indicates that Em 
has a 70% random coil or non-regular secondary structure, with the balance almost equally distributed 
between alpha-helix and beta pleated sheet. In siddition, anomalies in the modeling of the hydrody-
namic data derived by different methods were interpreted to indicate that the Em polypeptide chain 
was flexible (McCubbin et ai, 1985). 
In recent years, NMR spectroscopy has emerged as a powerful tool to characterize the structure and 
dynamics of small proteins in solution. In this paper, we describe the expression of the D. carota EMB-1 
protein in Escherichia coli, and the structural characterization of this protein by NMR spectroscopy. 
2. Methods 
2.1. Construction of the Vector 
Beicterial strains and the pETlla vector were from Novagen. E. coli strain HMS174 was used for 
construction of the expression vector and strain BL21 (DE3) was used for the expression of the EMB-1 
protein. The BL21 (DE3) lysogen carries the T7 UNA polymereise gene under the control of the Lac 
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UV5 promoter (Studier et ai, 1990). pETlla is an expression vector in which the target gene can be 
expressed in E. colt is under the control of a strong bacteriophage T7 promoter. pBSK+EMB-1 is a 
plasmid containing the 510 bp cDNA coding for EMB-1 (Ulrich et ai, 1990) inserted into the EcoRI 
site of pBSK-l-. The palindromic oligonucleotide linker (5' GACTCGCCATATGGCGAGTC 3') was 
synthesized at the Nucleic Acids Facility, Iowa State University. This linker contains an internal Ndel 
site (underlined), and the 5' and 3' ends are compatible with Hindi. The sequence between the Ndel 
site and the Hindi site is identicsJ to that of the first 11 translated nucleotides of the EMB-1 cDNA. 
Restriction endonuclease digestions, DNA ligations, E. coli transformations, smd other manipulations 
used to construct pET-EMB-1 were conducted by standard methodologies (Sambrook et ai, 1989). 
pBSK-l-EMB-1 was linearized with Hindi, and the resultzint 3302 bp fragment was gel purified and 
ligated to the palindromic linker. Following cloning, the resulting plasmid was purified and digested 
with Ndel and BamHI, and the resulting 513 bp fragment was gel purified and cloned between the 
Ndel and BamHI sites of pETlla to yield pET-EMB-1. Thus, in pET-EMB-1, the Ndel site that was 
introduced by the linker contains an ATG initiation codon such that the exact translated sequence of 
EMB-1 protein is obtained. 
2.2. Expression and Purification of the EMB-1 Protein 
Expression of the EMB-1 protein was basically as described by Studier and Moffat (1986). BL21(DE3) 
carrying pET-EMB-1 was grown at 37°C in LB medium supplemented with ampicillin at 50 /ig/ml. 
IPTG was added to cell cultures to a final concentration of 0.4 mM to induce the T7 UNA polymerase 
gene. To obtain maximal EMB-1 expression, the optimum cell density for induction of expression by 
IPTG and the optimum duration of the induction period were determined. IPTG (0.4 mM) was cidded 
to cultures when they reached optical density (Asoo) values of 0.4,0.8, 1.2, or 1.6. At various times after 
addition of IPTG, 1 ml aliquots of each culture were withdrawn and the cells were collected by cen-
trifugation at 14,000xgfor 1 min. The supernatants were discarded, and the pellets were resuspended 
in 200 n\ of sample buffer (2% SDS, 50 mM TVis-HCl (pH 6.8), and 100 mM DTT). The samples were 
heated in a bath of boiling water for 5 min for analysis by SDS-PAGE. Electrophoresis was carried out 
in SDS-containing 15% (w/v) polyacrylamide gels (Laemmli, 1970). Gels were stained with Coomassie 
Brilliant Blue R-250 or polypeptides were transferred electrophoretically from the gels onto nitrocellu­
lose using a semi-dry transfer apparatus at a constant current of 2-6 mA/cm^ of gel, for 20 to 30 min. 
Blots were incubated in 3% (w/v) BSA solution containing 1:1000 dilution of antisera to EMB-1, after 
which antigen-antibody complexes were detected with '^®I-Protein A (Wang et ai, 1994). 
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EMB-1 protein was purified from 1 liter cultures of E. colt BL21(DE3) cells carrying pET-EMB-1. 
Ten h after induction with IPTG, cells were harvested by centrifugation at l,500xg for 10 min at 4®C. 
The pelleted cells were washed with a solution of 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2P04, and 
1.4 mM KH2PO4 (PBS) and collected by centrifugation. The pelleted cells were resuspended in 20 ml 
of a buffer containing 100 mM KCl, 25 mM HEPES (pH 7.6), 0.1 mM EDTA, 12.5 mM MgCb, 10% 
glycerol, 0.1% NP-40, and 10 pM phenylmethylsulfonyl fluoride, and sonicated 3 times for 15 s each. 
The cell lysate was centrifuged at 30,000xg for 30 min at 4°C, and the supernatant was collected and 
dialyzed against a solution of 10 mM IVis-HCl (pH 8.0) and 1 mM EDTA. This crude extract was 
losided on a Q-Sepharose anion exchange column pre-equilibrated with column buffer (10 mM IVis-HCl 
(pH 8.0), 1 mM EDTA, and 1 mM DTT). After washing the column with several volumes of column 
buffer, proteins were sequentially eluted with column buffer containing 25 mM, 50 mM, 75 mM, 100 
mM, and 1 M NaCl. The purified EMB-1 protein was also used as the source of antigen to immunize 
rabbits (Wang et al., 1994). 
2.3. NMR Analyses 
NMR experiments were performed at a resonance frequency of 500 MHz on a Varian Instruments 
Unity 500 spectrometer at 21''C and processed with Varian software. One dimensional NMR spectra 
were obtained with a minimum of 200 scans collected using a 90°pulse width of 9 fts and a recycle delay 
of 2 s. The sweep width was 6000 Hz and 4096 complex points were collected. The H2O resonance was 
suppressed by presaturation. 
A two dimensional ^H NOESY spectrum (Jeener et al., 1979) was obtained using the hypercomplex 
method for phase sensitive detection in the ti dimension (States et al., 1982). The sweep width was 6000 
Hz in each dimension; 2046 complex t2 points and 400 ti points were acquired with 64 scans collected 
per ti point. The recycle delay was 2 s, the 90®pulse was 9 /is and the mixing time was 150 ms. The 
H2O resonance was suppressed by presaturation during the recycle delay. The two-dimensional data 
were zero-filled to 1024 points in the ti dimension and apodized with a 60° phase-shifted sine bell in 
both dimensions. All NMR spectra used the HaO resonance as a chemical shift reference (4.80 ppm at 
2100). 
The initial NMR sample contained 10 mg of EMB-1 in 450 /il of 10 mM sodium phosphate (pH 6.0) 
to which 50 /il of D2O was added. After characterization by one dimensional and two dimensional 'H 
NMR spectroscopy, the sample was divided into two, and either da-TFE or ds-ethanol was added to a 
concentration of 20% (v/v). 
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3. Results 
3.1. Expression and Purification of the EMB-1 Protein 
E. colt BL21 (DE3) cells harboring pET-EMB-1 or pETlla were analyzed at various times after 
induction of expression by addition of IPTG to the medium. SDS-PAGE analysis of protein extracts 
showed that a protein of approximately 10 kDa was abundant in E. colt cells csirrying pET-EMB-1, but 
not in the cells with the pETl la vector alone (Fig. la). To optimize conditions for expression of EMB-
1, we analyzed the effect of adding IPTG to cultures at various stages of growth on the accumulation 
of the EMB-1 protein. IPTG was added to cultures of different densities (Aeoo of 0.4, 0.8, 1.2, and 
1.6) to induce expression of the EMB-1 gene. At t=0, 1, 3, 6, 9, 12, 24, 36, and 48 h after IPTG 
induction, aliquots were removed from each culture and anzdyzed by SDS-PAGE (data not shown). 
The accumulation of the EMB-1 protein was induced regardless of the stage of growth of the culture to 
which IPTG was added. However, the timing of EMB-1 accumulation and the levels to which EMB-1 
accumulated differed. Induction of EMB-1 accumulation occurred faster when IPTG was added at later 
stages of growth and the EMB-1 protein accumulated for a longer time in the cultures that were induced 
later in their growth. The highest accumulation of EMB-1 protein was in cells grown to an Aeoo of 1-6 
prior to induction with IPTG. 
The expressed EMB-1 protein was soluble in extracts prepared from the E. colt host. The EMB-
1 protein was purified to homogeneity from these extracts by a procedure combining anion exchange 
chromatography and molecular size fractionation. Protein extracts from induced cells were applied to 
a Q-Sepharose column, following washing to remove unbound proteins, the bound proteins were eluted 
by a discontinuous salt gradient. SDS-PAGE analysis of the proteins eluted in the various fractions 
showed that most EMB-1 protein was eluted from the column by the buffer containing 50 mM NaCI 
(Fig. 2). To further purify and concentrate the EMB-1 protein, the eluate from the Q-Sepharose column 
containing the EMB-1 protein was subjected to ultrafiltration. First, the EMB-l-containing fractions 
were passed through a 30 kDa molecular weight cutoff membrane. The filtrates were then collected on 
a 10 kDa molecular weight cutoff membrane. For some preparations, size fraictionation by gel filtration 
chromatography on a Sephadex G25 column was also used. About 25 to 50% of the accumulated EMB-1 
protein was recovered by using these procedures. 
Figure 1 Expression of the EMB-1 protein in E coli. BL21 (DE3). Ceils har­
boring pET-EMB-1 or pETll were analyzed at various times after 
addition of IPTG. Protein extracts were fractionated by SDS-PAGE 
and stained by using Coomassie Brilliant Blue R250. Cells were 
grown to a density of Aeoo 0.8 before addition of IPTG. Cells not 
harboring a plasmid (Cells) were analyzed directly. IPTG was added 
to cultures of E. coli BL21 (DE3) cells harboring pET-EMB-1 or 
pETlla. Arrows indicate the position of the EMB-1 protein. 
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Figure 2 Purification of the expressed EMB-1 protein. The protein extract 
was applied to a Q-Sepharose column and eluted by a discontinuous 
NaCl gradient. Proteins were fractionated by SDS-PAGE and stained 
with Coomassie Brilliant Blue. The arrow indicates the position of 
the EMB-1 protein. 
0 mM 25 mM 50 mM 75 mM IM 
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The EMB-1 protein was purified to apparent homogeneity, as indicated by stained SDS-PAGE gels 
with lanes overloaded with purified EMB-1 protein (data not shown). The purified EMB-1 protein 
was used as the source of antigen to immunize rabbits. Western ansdysis shows that the resulting 
antiserum reacts specifically with the EMB-1 polypeptide from E. coli extracts and with a polypeptide 
of 10 kDa present in the carrot embryo extracts (Fig. 3). This indicates the EMB-1 protein is not 
post-transcriptionally processed, or only minimally post-transcriptionally processed, in the carrot. 
3.2. NMR Spectroscopy 
The position of a 'H NMR resonance corresponding to a particular proton depends to a large extent 
on the type of chemical moiety on which the nucleus is found. For example, protons on aromatic rings 
typically give rise to peaks at about 7 ppm, alpha-protons of alpha amino acids resonate at about 4 ppm, 
and methyl protons of valine or leucine residues resonate at about 1-1.5 ppm. In addition, a resonance 
may exhibit secondary chemical shifts, in which the primary shift is dispersed across several ppm. Such 
secondary effects arise from the influence of small magnetic fields coming from chemical moieties near 
the nucleus, and depend on a defined three dimension^ structure of these moieties around the nucleus. 
'H NMR spectra of small molecules (e.g. amino acids) and very flexible polymers typically do not 
exhibit significant secondary shift effects because they lack such defined three dimensional structure. In 
contrast, the H2O NMR spectra of globular proteins show major chemical shift dispersion for all types 
of resonances (e.g., amide protons, aromatic protons, alpha protons, and methyl protons); these shifts 
are directly attributable to secondary chemical shift effects from the well-defined three dimensional 
structure of globular proteins (Wuthrich, 1986). 
In the spectrum of EMB-1 (Fig. 4a), the alpha proton resonances, aromatic proton resonances of 
the tyr and phe residues, and the methyl proton resonances of the val, leu and ile residues are found 
at chemical shift positions characteristic of a random coil structure (i.e., about 7 ppm, 4 ppm, and 1-
1.5 ppm, respectively) (Wuthrich, 1986) and exhibit low chemical shift dispersion. These data indicate 
the absence of secondary or environmental-dependent chemical shifts and hence the absence of ordered 
structure of EMB-1 in aqueous solution. 
Another feature of the one-dimensional H2O NMR spectrum of EMB-1 (Fig. 4a) is the absence of 
intensity from amide resonances, which would appear at about 8-9 ppm (Wiithrich, 1986). This absence 
is attributed to rapid chemical exchange of the amide protons with H2O . In these experiments, the 
H2O proton resonance has been saturated by irradiation with a selective radiofrequency pulse in order 
to suppress the large solvent signal, which is about 100,000 times greater than the protein signals. This 
Figure 3 Immunological identification of purified EMB-1 expressed in E. coli 
and in protein extracts from zygotic embryos of D. carota. Expressed, 
purified EMB-1 protein (0.1 /ig) (Isuie 1) and protein extrcict from 
carrot embryos (40 /ig) (lane 2) were analyzed by SDS-PAGE and 
Western analysis by using anti-EMB-1 antiserum. A polypeptide of 
approximately 10 kDa was detected in both samples. 
1 2 
(a) 500 MHz 'H NMR spectrum of D. cawta EMB-1 protein in H2O 
(10% D2O) with 10 mM sodium phosphate (pH 6) at 21®C. The H2O 
resoneuice was suppressed by presaturation. 
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Figure 4 (continued) (b) 500 MHz 'H NMR spectrum of RNase A, taken under 
similar conditions. 
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saturation induces transitions between nuclear magnetic energy levels, equalizing the populations of the 
energy levels so that no further net absorption of radiofrequency irradiation can occur during the NMR 
experiment and therefore no signal is detected from the H2O protons. Amide protons of free amino 
acids, which are exposed to solvent, undergo chemical exchange with solvent protons, hence these amide 
proton resonances also become saturated and undetectable. In contrast, in a globular protein, the rate 
of amide exchange is often slowed by several orders of magnitude in comparison to the rate for the free 
amino acids, due to hydrogen bonding within the peptide and sequestration of many residues within 
the folded structure (Wiithrich, 1986); therefore, amide resonances are generally readily detectable in 
a globular protein under the experimental conditions of Figure 4. In EMB-1, amide proton exchange is 
rapid, indicating the absence of a stably-folded structure (Fig. 4a). 
The line widths of the one-dimensional 'H NMR spectrum of EMB-1 are sharp (Fig. 4a). Rapid 
molecular motion results in an increase in T2, the spin relsucation. Because T2 and the line width 
are inversely proportional, rapid molecular motion results in H2O NMR spectra with very narrow line 
widths. The NMR spectrum of a globular protein of the same size as EMB-1 generally has much 
broader line widths, consistent with the relatively slow tumbling (i.e., > 10~® sec) of the molecule in 
solution. The sharp line widths in the EMB-1 spectrum of Figure 4a reflect a long T2 and a much 
faster overall rotational correlation time, indicating rapid segmental motion of the EMB-1 polypeptide 
backbone. Thus, not only does EMB-1 have no stable folded structure, but it also is quite flexible on a 
sub-nanosecond time scale. 
As a comparison, we show in Fig. 4b the spectrum of RNase A protein, obtained under the same 
conditions as Fig. 4a. This protein, which is only slightly larger than EMB-1, and is known to have 
a stable folded structure, shows strong chemical shift dispersion (around 7, 4, and 1-1.5 ppm), strong 
amide proton resonance intensity (8-9 ppm), and broad line widths. This spectrum is characteristic of 
a globular protein. 
NOESY spectra were obtained to further investigate the movement of the EMB-1 protein in solution 
(Fig. 5). The NOESY spectrum of EMB-1 does not show any significant NOE cross peaks about the 
diagonal (Fig. 5a). Such a paucity of observable NOEs could arise if the rotational correlation time 
(tc) of the protein was on the order of 10~^° s or shorter (Wiithrich, 1986). The calculated minimum 
rotational correlation time for a spherical protein with the mass of EMB-1 (neglecting hydration) is 
roughly 3 ns (Campbell & Dwek, 1984). The paucity of observed NOEs suggest a shorter effective TC, 
which indicates that EMB-1 has significant flexibility on a sub-nanosecond time scale. In sharp contrast 
to the spectrum of EMB-1, NOESY spectra of similar sized proteins with known globular structure, 
Figure 5 (a) Two-dimensional NOESY spectrum of EMB-1 showing the ab­
sence of detectable NOE cross peaks in EMB-1 protein. 
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Figure 5 (continued) (b) Two-dimensiond NOESY spectrum of RNase A is 
shown for comparison. Solution conditions and seunple temperature 
as in Fig. 4. 
(uidd) 
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show a wealth of NOE cross-peaks. A NOESY spectrum of the globular protein RNase A is shown for 
comparison (Fig. 5b). 
Because the EMB-1 protein accumulates in the plant embryo just prior to dehydration of the seed, 
it is possible that EMB-1 assumes a structure (and function) after desiccation. To test this hypothesis, 
we attempted to induce structure in the EMB-1 protein by approximating dehydrating conditions. 
NMR spectra were determined in trifluoroethanol and ethanol of up to 20% (v/v). Aqueous solutions 
containing more than 20% of trifluoroethanol and ethanol resulted in the precipitation of EMB-1. In 
both cases, the samples showed a similar lack of chemical shift dispersion in one-dimensional NMR 
experiments (data not shown) indicating the absence of identifiable structure in EMB-1 in the solvent 
systems used, as evidenced by the lack of chemical shift dispersion and NOEs. 
4. Discussion 
The Em protein of wheat is homologous to EMB-1 of D. carota. The amino acid sequences of 
these two proteins (Cuming, 1984; Wurtele et ai, 1993; Ulrich et ai, 1990; Litts et ai, 1987) are 
80% identical and 40% of the substituted amino acids are functionally synonymous. McCubbin et al. 
(1985) characterized the Em protein by hydrodynamic studies and CD spectroscopy. The CD spectrum 
indicated that the wheat Em is 70% random or aperiodic coil, 17% beta-pleated sheet, and 13% alpha-
helix. Unlike the CD spectrum of wheat Em, our NMR results show a complete absence of detectable 
secondary or tertiary structure. McCubbin et al. (1985) described poor agreement between molecular 
dimensions derived from measurements of the Stokes radius and those calculated from viscosity data 
using models based on ellipsoids of revolution, and suggested that this was because the Em polypeptide 
chain "did not have the fairly rigid structure required for conformity" with the model. Our NMR 
data confirm this hypothesis, directly demonstrating the flexible nature of EMB-1 on a subnanosecond 
time scale. It is likely that all Group 1 LEA proteins share this characteristic, which is not entirely 
unexpected given their highly hydrophilic sequence and the relative paucity of hydrophobic amino acid 
residues (EMB-1 has 2 val, 5 leu, 2 ile, 3 met and 1 phe) which must be buried from the aqueous solvent 
by tertiary folding and which entropically contribute to folding energetics. 
Our NMR data demonstrates that EMB-1 possesses no static, definable conformation in solution 
under the conditions used in the present study. The highly hydrophilic nature of the EMB-1 protein 
and others in this family, as well as its pattern of accumulation, have been interpreted as implying that 
EMB-1 has a role in protecting the embryo against dehydration, via water sequestration (Dure et ai, 
1989; McCubbin et al., 1985). However, this interpretation has not been directly tested. Our results 
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are consistent with the hypothesis that EMB-1 may adopt a stable structure upon interaction with 
some as yet uncharacterized ligand present in the cell. Immunohistochemical evidence using antiserum 
directed agsunst EMB-1, indicates this protein accumulates predominantly in the cell nucleus (Crane, 
Eom and Wurtele, unpublished data). The ready availability of the recombinsuit EMB-1 protein makes 
it possible to test for interactions with specific components in the nucleus. 
The universal occurrence of the protein and its highly conserved sequence in angiosperms indicates 
a fundamental function. How the flexible, non-static structure of EMB-1 might achieve such a function 
is intriguing. Elucidation of the function of EMB-1 may reveal why a protein with so little secondary 
find tertiary structure has been so highly conserved during evolution. 
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CHARACTERIZATION OF THE pH TITRATION SHIFTS OF 
RIBONUCLEASE A BY ONE AND TWO DIMENSIONAL NUCLEAR 
MAGNETIC RESONANCE SPECTROSCOPY 
A manuscript published in Archives of Biochemistry and Biophysics^ 
Wayne R. Baker®-®, Agustin Kintanar^''° 
ABSTRACT: One- and two-dimensional 'H NMR experiments were used to determine the chemical 
shifts of resonances arising from 29 residues of RNase A in H2O at seventeen pH values ranging from 
1.2-7.9. Nearly all resonances displaying pH-induced chzuiges in chemical shift greater than 0.1 ppm 
were monitored. Individual plots of the chemical shift as a function of pH were fit by non-linear least 
squares methods to Henderson-Hasselbstlch models yielding pKa values which were then analyzed using 
a set of criteria to determine their reliability. The criteria included statistics from the curve fitting 
analysis as well as the distance of the reporter proton to ionizing groups. Only the most reliable pKa 
values were assigned to specific ionizing groups within RNase A based upon the proximity of the reporter 
proton to the ionizing group as determined from the X-ray crystal structure. Only two of the 15 groups 
expected to undergo ionization within the pH range investigated could not be assigned pKa values 
within the highest two levels of reliability. Five of the eleven carboxylate groups have pKo values less 
than 3.0. Many of the low pKa values can be interpreted as resulting from favorable hydrogen bonds 
between the carboxylate group and other moieties within the protein. The pKa values for the four 
histidine residues are similar to earlier literature reports. Two resonances underwent particularly large 
pH-induced shifts of approximately 2.3 ppm and corresponded to nitrogen-bound protons involved in 
hydrogen bonds with carboxylate groups. 
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Introduction 
For over forty years, RNase A has been one of the most intensively studied proteins. Much is known 
about this protein, from enzyme kinetics to X-ray and neutron diffraction structures to mechanistic 
analyses. However, there remains much to be learned including the role of electrostatic intereictions 
in structural stability, ligand binding and catalysis. The pKg values of ionizable groups are excellent 
reporters of the electrostatic environment within the protein. The observed pKa value for a particular 
ionizable group in a protein can differ as much as 4 pH units from the "intrinsic" pKa value of the 
free amino acid (Stoesz et ai, 1979). These differences are due primuily to the specific electrostatic 
environment formed by the tertiary structure of the protein. 
Nuclear magnetic resonance spectroscopy is a powerful tool to probe the ionization state of spe­
cific groups within a protein. The chemical shift value for a given nucleus is sensitive to the electro­
static environment at the nucleus and hence to the ionization state of nearby ionizable groups. In 
particular, the observed chemical shift at a given pH value for a titrating resonance is generally the 
weighted average of the chemical shifts corresponding to the protonated state and the unprotonated 
state. Using this approach, plots of the chemical shift of a resonance as a function of pH can be fit to a 
Henderson-Hasselbalch model and pKa values can be determined, provided the resonance is sufficiently 
well-resolved to accurately measure the chemical shift. Given the sequence specific assignment of the 
resonance, the tertiary structure of the protein can then be used to attribute these pKa values to specific 
ionizing groups nearby. 
The pH-dependent properties of proteins, and enzymes in particular, is of great interest to enzy-
mologists wanting to know more about the catalytic behavior of their systems. Such studies can also 
provide insight into the pH stability of proteins as well as the interactions that can occur among charged 
groups and polar entities within the protein that influence conformation. Because the exchangeable-
and non-exchangeable resonances of the imidazole group of histidine could be sufficiently resolved and 
assigned by one-dimensional methods, early NMR studies of ionizing groups in proteins (including 
RNase A) focused on histidine residues (Stoesz et ai, 1979; Patel et ai, 1972; Schecter et ai, 1972; 
Griffin et ai, 1973; Markley, 1975a; Markley, 1975b; Markley, 1975c; Markley & Finkenstadt, 1975; 
Patel et ai, 1975a; 10; Patel et ai, 1975b; Robillard & Shulman, 1974). Beginning with the work of 
Ebina and Wiithrich (1984), two-dimensional 'H NMR has been used to determine pKo values in sev­
eral proteins (Haruyama et ai, 1989; Kohda et ai, 1991; Forman-Kay et ai, 1992; Bartik et ai, 1994; 
Oda et ai, 1994; Szyperski et ai, 1994; Sorensen &; Led, 1994) which has allowed the investigation of 
the ionization properties of residues other than histidines, such as carboxylates. The two-dimensional 
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methods offer the advantage of nearly complete protor. resonsr.ce assignmenU using the sequential as­
signment method (Wiitrich, 1986) and increased spectral resolution, thereby allowing more resonances 
to be monitored as a function of pH. 
A number of theoretical methods to calculate pKa values for ionizing groups within a protein have 
been developed (Tanford & Kirkwood, 1957; Warshel et ai, 1984; Bashford et at., 1993; Yang & 
Honig, 1994). Theoretical calculations for the pKa values of all ionizing residues of RNase A have been 
performed (Matthew & Richards; 1982; Antosiewicz et al., 1994). Experimental determination of these 
pKo values provide an important test of the theoretical calculations and will ultimately enhance the 
understanding of electrostatic interactions within proteins. 
In this report, we have used 1- and 2-dimensional 'H NMR spectroscopy to determine pKa values 
from the pH titration of selected ionizing residues in RNase A in HjO . Downfield resonance shifts of 
over 2 ppm were observed in two cases as the pH increased, reflecting the significant effect of charge 
upon the chemical shift. We have assigned pKa values for 13 of the 15 low-pH ionizing groups in 
RNase A, including the four histidine residues. 
Materials and Methods 
Materials. 
RNase A, type IV (phosphate-free), was purchased from Sigma and used without further purification. 
D2O was obtained from Cambridge Isotopes. 
Siunple Preparation. 
Samples containing 20-35 mg RNase A were dissolved in roughly 500 /iL water and allowed to 
equilibrate. Samples were then brought to 10% D2O and the pH was adjusted by the addition of 1 M 
NaOH or 1 M HCI. All pH values reported are uncorrected for isotope effects and are the direct reading 
from the electrode. The pH was recorded before and after each experiment and the difference was less 
than 0.1 units in most cases. The average pH value was used. The ionic strength of the sample is 
expected to vary with added acid or base, being a minimum at the pH of RNase A in pure H2O (pH 
3.2). Given the protein concentration and the requirement for electroneutrality, we estimate that the 
ionic strength never exceeded 60 mM. 
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NMH Spectroscopy. 
All 'H NMR experiments were performed on a Varian 500 MHz spectrometer at 30®C. One-
dimensional exi>eriments used the spin echo 1-1 pulse sequence to suppress the H2O resonance (Skle-
nar & Bax, 1987) with a minimum of 128 scans collected. Typical acquisition and data processing 
parameters were as described previously (Kintanar et al., 1991). Titrations were monitored using 
two-dimensionsd TOCSY experiments (Braunschweiler & Ernst, 1983) with a mixing time of 30 ms. 
Two-dimensional NMR experiments were made phase sensitive in the first dimension by the hypercom-
plex method (States et ai, 1982). Spectra were collected with 2048 complex points in tz and a minimum 
of 380 complex points in ti with 64 scetns per ti point. A sweep width of 7000 Hz was used in each 
dimension and the recycle delay was 1.8 ms. The 90® pulse width was determined for each experiment 
and was typically 10 lis. Collected data were multiplied by a phase-shifted sine bell (~70®) in both 
dimensions prior to Fourier transformation and were referenced to the H2O resonance at 4.8015 ppm. 
One-dimensional spectra were analyzed using FELIX 2.05 (Hare Research Incorporated, Bothell, WA) 
and two-dimensional spectra were analyzed with Varian software. 
Determination of pKa Values. 
Using the published assignment of RNase A in H2O at pH 3.2 (Robertson et ai, 1989), the identity 
of each NH-H®, NH-H^, H^-H^ and histidine H^^-H'^ cross-peak was determined for the TOCSY at 
pH 3.18. Changes in the position of a given cross-peak with pH could be unambiguously followed in 
most cases. Ambiguous cases could be resolved by tracing the NH-H°, H°-H^ and NH-H^ cross-peak 
simultaneously. Resonance positions were determined by manual peak-picking to within 0.01 ppm (5 
Hz) which was the ultimate resolution of the zero-filled, two-dimensional TOCSY spectra. All peaks 
were monitored on both sides of the diagonal where possible. The chemical shift value used for curve 
fitting was the average value of the chemical shift of all associated resolved cross-peaks. The standard 
deviation of the average chemical shift was less than 0.01 ppm. In cases of poor peak quality due to 
overlap, the chemical shift value was determined from the values of clearly isolated cross—peaks. 
The average value of the chemical shift as a function of pH was plotted using the program PROPHET 
(BBN Systems and Technologies, Cambridge, MA) or gnuplot 3.5-gnufit 1.2 (software available via ftp at 
ftp.dartmouth.edu) and fit to a one or two ionization Henderson-Hasselbalch model using the program's 
non-linear least squares Levenberg-Marquardt algorithm. More complicated models involving three 
ionizations or cooperative ionizing groups were not considered. In a limited number of cases, double or 
triple ionizations were fit as single or double ionization, respectively. In these cases, the data indicated 
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a possible additional ionization but the poor quality of the data {e.g., small chemical shift changes, poor 
S/N, inadequate number of points) made it difficult for the fitting algorithm to converge and the low 
quality data points were not included in the fit. Generally, all data within 2 pH units of the fitted pKa 
were included. Severd curves displayed three ionizations and were fit as overlapping double ionizations 
with good agreement of the pKa values. 
Distance Analysis. 
The joint X-ray/neutron diffraction structure 5FISA (Wlodawer & Sjolin, 1983) containing deter­
mined proton coordinates was obtained from the Protein Data Bank and analyzed using the program 
QUANTA (Molecular Simulations Inc., Waltham, MA). Disteuices were measured from reporter proton 
to ionizing atom(s) using the distance routine within the program. 
Results & Discussion 
NMR Spectroscopy. 
Two-dimensional TOCSY spectra of RNase A in H2O at 30°C were obtained at 17 pH values 
ranging from 1.2 to 7.9. These spectra were of uniform high quality (Figure 1) and readily allowed 
the tabulation of chemical shift values as a function of pH based on previously reported assignments 
(Robertson et al., 1989). In addition, one-dimensional NMR spectra were obtained at all pH values 
(data not shown) and were used to monitor the resonances of histidine exchangeable protons. 
Additional NMR Assignments. 
Two cross-peaks previously unassigned by Robertson et al. (1989) titrated in tandem with titration 
shifts (AS = j(high pH) — tf(low pH)) of 2.28 ppm and were tentatively assigned to residue RIO 
(Figure 1). The chemical shift values and connectivity as well as the large pH-induced change in 
chemical shift suggested these signals were due to the H^-H' protons of an arginine residue forming a 
hydrogen bond to a carboxylate. Inspection of the structure 5RSA (Wlodawer & Sjolin, 1983) indicated 
a salt bridge between E2 and RIO, with RIO H' less than 2A from of E2 and a bond angle (C^-
0<2-h<) of 129°. The mean pKa value reported by the titrations of the unassigned signals is 2.6±0.1, 
which is in good agreement with the other values reported for E2 (see below). The spin system for RIO 
could not be traced completely to confirm this assignment in either the NOESY or TOCSY spectra. 
Figure 1 Expanded regions of the TOCSY spectra for RNase A at four pH 
values at 30®. The NH-H" resonances of K66, G68 and K7 and the 
resonances of RIO are shown. 
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Determination Of pKa Values. 
Resonances associated with 29 2miinoacid residues indicated significant chemical shift changes during 
the titration. These included six residues at the active site: Qll, H12, V43, T45, H119 and F120. 
Inspection of the TOCSY spectra indicated that resonances associated with the active site residues 
K41, N44, D121 and S123 did not display significant changes in their chemical shift during the titration 
and were therefore not monitored. The largest changes in chemical shift with AS ^>^2.30 ppm occurred 
for the main acidic ionization reported by K66 NH and the signal assigned to RIO H' (see above). 
For resonances displaying significant titrations, only those from G88 did not yield well-behaved 
curves from which pKa values could be determined. The H" and amide proton resonances of A20 
displayed abrupt changes in chemical shift between pH 5.2-6.2 and were difficult to fit using the model. 
However, the resonance of A20 yielded a well-behaved titration curve with a AS value of 0.207 ppm. 
The remaining 27 residues generated 117 apparent pKa values from the initial curve-fitting, ranging 
from 1.80 to 6.80. Amide protons reported 43 pKa values while alpha protons reported 39, beta protons 
reported 21 and ring protons for histidines and tyrosine reported a total of 14. Representative titration 
curves and fits are shown in Figure 2. Only three residues, T36, V43 and N67, had purely single 
ionizations for both the amide and alpha protons. All other titrations reported multiple ionizations. 
Histidine CH ring protons were followed from the cross-peak in the TOCSY experiments. 
The cross-peak for H48 disappeared at pH vdues above 4.8 as has been reported by others in non-
acetate solutions (Markely, 1975b). The titration data for H48 did indicate an acidic titration but the 
cross-peaks could not be followed over a wide enough pH range to yield pKa values. All other histidines 
had well-behaved titrations over the pH range followed. The protons of H12, of H105 and 
of HI 19 displayed an acidic titration in addition to the expected imidazole titration. Histidine H^^ 
AS values ranged from —0.399 ppm to —0.543 ppm while H^^ resonance titration shifts were close to 
— 1.0 ppm. The exchangeable H^' resonance assigned to H12 (10) could be followed over the entire pH 
range and displayed an acidic titration with AS = 0.177 ppm and a titration in the histidine ionization 
region with AS = -1.723 ppm. Both HI 19 and H48 exchangeable resonances were observed but could 
not be followed over the entire pH range. The H^^ resonance for H105 was not observed, presumably 
due to its rapid exchange with solvent. 
Figure 2 Representative curve-fitting results for the titrations of (a) K66 NH; 
(b) RIO H'; (c) N67 NH; and (d) D83 NH. Experimental data points 
are indicated witl^ while the solid line is the gnuplot-gnufit deter­
mined curve. 
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Distance analysis of RNase A. 
The assignment of a pKa value obtained from a titrating resonances to a particular ionizing group 
in phosphate-free RNase A was based, in part, upon distances measured in the phosphate-bound 
RNase A crystd structure 5RSA (Wlodawer & Sjolin, 1983). This structure was determined by joint 
X-ray/neutron diffraction studies. An2dysis of the structure 5RSA (Wlodawer & Sjolin, 1983) indicates 
the active site phosphate group binds to the side chains of both H12 and HI 19 while hydrogen bonds 
exist between the side chains of H119 and D121, the amide of K66 and the side chain of D121 and the 
side chain of H12 and the carbonyl of T45. Comparison of the phosphate-bound and phosphate-free 
structures (Wlodawer et al., 1988) shows no difference in the conformation of H12 and a X2 rotation of 
-12" for H119 resulting in a ring movement 0.23A in the phosphate-free form. Similar small differences 
are seen for K7 and K41. Differences in the crystal structures are minimal and it appeared to be 
reasonable to use the more complete structure for the analysis. 
A further consideration are possible differences between crystal and solution structures. Comparing 
the solution structure in phosphate buffer (Santoro et al., 1993) with the phosphate-bound crystal 
structure (Wlodawer & Sjolin, 1983), the major difference observed is an alternate position of the HI 19 
side chain which is in dynamic equilibrium with the major crystallographic conformer. In the absence 
of phosphate, however, the dynamic equilibrium in solution favors the major conformer observed in 
the crystal structure of phosphate-bound RNase A (Santoro et al., 1993). The solution structure also 
shows minor differences in hydrogen bonding, notably in the hinge region containing D14 and H48, and 
increased mobility of some side chains, including K66 and D38 (Santoro el al., 1993). These differences 
between solution and crystal structures should be considered in the assignment of pK^ values and 
additional analj 'Is of the results. 
Assessment of the pKa Reliability. 
The titration of a resonance may be influenced by more than one ionizing group with similar pKa 
values, by interacting ionizing groups and by pH-induced conformational changes that are not clearly 
attributable to a single ionizing group. While models exist to deal with many of these situations, we 
have chosen to use a more conservative approach in obtaining pKo values by assessing the reliability of 
each of the 117 pKa values. Factors such as the statistical information from the initial curve-fitting as 
well as distance and neighbor considerations were taken into account in the determination of reliability. 
After the initial pKa determination by PROPHET (see Materials and Methods), the resulting pKo 
values were evaluated for reliability. The level of highest reliability included pKo values with a standard 
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deviation less than 0.1 pH unit. Additionally, the absolute value of the change in chemical shift for that 
portion of the titration must exceed 0.1 ppm, reflecting the error inherent in the determination of the 
chemical shift. Reporters were also excluded from the highest level if the distance to the ionizing group 
exceeded SA. If reporters were within 5A they were excluded from further consideration if there was 
another ionizing group of similar type within 5A (e.g., two histidines within SA of a reporter). This final 
criterion was based upon the use of a non-interacting ionizing groups model to fit the titration curves. 
The selection of SA as a distance cutoff was arbitrary; however, using longer distances had little effect 
on the resulting composite pKa value. A second level of reliability used slightly relaxed criteria that 
included pKa values with standard deviations less than 0.12 pH units, chemical shift changes greater 
than 0.08 ppm and distances up to SA. In most cases, excluded pKa values failed to meet more than 
one of the criteria. While these criteria disfavor pKg values from titrations that are due to interacting 
ionizing groups and other such phenomenon, we are able to obtain highly reliable values for virtually 
all of the low-pH ionizing groups. Invoking more sophisticated models to determine pKa values from 
the titration curves would not have provided more reliable knowledge of the ionization properties than 
were obtained using the criteria set forth above. 
Those titration curves meeting these criteria were then replotted and fit using gnuplot-gnufit. The 
resulting pK., values were assigned to the ionizing group closest to the reporter proton. Re-fitting the 
selected titrations with gnuplot-gnufit resulted in 24 pKg values at the highest level (denoted level I) 
and 6 pKo values at the second level (denoted level 2). Of the 15 low-pH ionizing groups in RNase A, 
all but E9 and El 11 had composite pKa values assigned at one of these levels (Table I). 
Comparison Of pKg Values to Literature. 
The pKa values determined in this study for the four histidine residues are similar to earlier reports 
based on one dimensional studies (Table II) despite differences in solution conditions. One histidine, 
H48, exhibits unusual titration behavior and deserves further comment. As has been previously reported 
in acetate-free solutions, the resonances corresponding to the and protons of H48 broaden and 
fade by pH 6 but reappear at higher pH values, resulting in a discontinuous titration curve. The TOCSY 
H^2_h<i cross-peak of H48 diminish in intensity and are no longer visible at pH 6.1 and could not be 
detected at higher pH values. However, the amide NH, and two protons of H48 were followed 
over the entire pH range and yielded pKo values, although only the value from the NH and one of the 
two H^ proton resonances met the highest reliability criteria. Literature values assign H48 a pKo of 
6.0-6.4 in the presence of acetate, while the value we report in acetate-free solution is 6.1. 
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Table I pKg Assignments In Ribonuclease A 
Ionizer Composite pKai:SD Level 
Reporter Reported pKa ±SD 
E2 2.6±0.1 1 
K7 NH I 2.70±0.08 
RIO H' 2.54±0.04 
H12 6.0±0.1 1 
D14 l.SiO.l 
DI4 NH I I.82±0.09 
D38 2.1±0.1 
D38 H" 2.12±0.04 
H48 6.1±0.1 
T45 NH II 
H12 NH II 
H12 H" 
H12 H" 
H12 H'» 
5.96±0.04 
6.04±0.06 
6.08±0.04 
5.91±0.07 
6.02±0.05 
Z
 
X 
00 
00 
X 
X 
6.12±0.05 
6.13±0.08 
DI4 NH II 4.32±0.I2 
D53 H^l 3.65±0.06 
D83 NH I 
D83 H° I 
D83 H^ 
3.26±0.05 
3.42±0.08 
3.33±0.05 
V43 NH 4.03±0.05 
H105 NH II 6.45±0.03 
E49 4.3±0.I 
D53 3.7±0.1 
D83 3.3±0.1 
E86 4.0±0.1 
H105 6.5±0.1 
H105 H" 6.55±0.08 
H105 H" 6.60±0.04 
H105 H'l 6.58±0.03 
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Table 1 (continued) 
Ionizer Composite pKo±SD Level 
Reporter Reported pKa ±SD 
H119 
H119 H" 
H119 H" 
6.49±0.07 
6.53±0.07 
6.5±0.1 1 
D12I 
K66 NH I 
N67 NH 
2.94±0.02 
2.98±0.04 
3.0±0.1 1 
V124 
V124 NH 
V124 H" 
H105 NH I 
2.42±0.04 
2.25±0.05 
2.17±0.03 
2.3±0.1 1 
Markley (1975b) monitored the resonance of H48 in acetate-free solutions of RNase A and found 
titrations with pHmiii of 5.6 and 6.9 while the and H' titration curves of Y25 reflected a pHmid of 
5.6. The upper titration (6.9) was attributed to H48 while the lower (5.6) was assigned to D14 which 
is the nearest carboxylate group to the ring. Our data indicate a pKa value of 1.8 ± 0.1 for D14 as 
reported by D14 NH (a level 2 reporter). Other slightly less reliable reporter protons close to the D14 
carboxylate group (A20 H", H48 D14 H^) reflect a titration near 2.0. We therefore assign the pKa 
of 2.0 reported by the D14 amide proton to the ionization of D14. The D14 resonance also reports a 
titration with a pHmitt of 5.3, which is reflected in the titration data of other reporter protons from that 
region of the protein. In particular, the A20 H" and NH resonances displayed discontinuous titrations 
in this range, while the resonances of D14 H48 H", and A20 all show continuous titrations 
with a pHmid of about 5.3. We believe that this titration is not associated with the ionization of D14 
because other reporters indicating a pKa value of 2.0 for D14 are more reliable. The pHmid of 5.3 is 
also not associated with the ionization of the nearby imidazole groups of H12 and H48. Again, more 
reliable reporters suggest that the pKa values for these two histidines are much higher. It is possible 
that this apparent pKa of 5.3, also seen by Markley (1975b), is the result of a local conformational 
change reflecting complex, overlapping electrostatic interactions from the partial ionizations of several 
groups. Such a conformational change would occur relatively slowly and account for the anomalous 
titration curves observed by us and others (Markley, 1975b; Santoro et ai, 1979; Lenstra et al., 1979) 
in resonances associated with D14, A20, Y25 and H48. 
A similar two-dimensional NMR study of the pH titration of RNase A albeit in a phosphate-
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Table II Comparison Of pKa Assignments To Theory And NMR Literature 
Ionizer pKa±SD Rico et al. (38) Matthew & Richards (26) Antosiewicz et al. (27)° 
E2 2.6±0.1 2.8 3.0 2.5 
E9 n/a 4.0 4.4 4.1 
H12 6.0±0.1 6.2 6.3 4.5 
D14 1.8±0.1 <2.0 2.2 1.9 
D38 2.1±0.1 3.5 1.7 2.8 
H48 6.1±0.1 6.0 6.5 6.5 
E49 4.3±0.1 4.7 3.8 4.6 
D53 3.7±0.1 3.9 4.1 3.6 
D83 3.3±0.1 3.5 2.7 2.0 
E86 4.0±0.1 4.1 3.6 3.8 
H105 6.5±0.1 6.7 6.6 6.2 
Elll n/a 3.5 4.3 3.8 
H119 6.5db0.1 6.1 6.7 5.9 
D121 3.0±0.1 3.1 2.3 1.5 
V124 2.3±0.1 2.4 3.7 2.3 
(a) ip = 20 
containing, 200 mM NaCl buffer has been reported by Rico et al. (1991). They report pKa values 
for 16 groups in RNase A including the N-terminus, E9 and Elll. A comparison of their results with 
this report shows most pKo values within 0.2 pH units (Table II). The pKa values reported by Rico 
et al. (1991) for H119 and E49 are 0.4 pH units lower and 0.5 units higher, respectively, than those 
seen in the present study. Although little experimental detail is provided in Rico et al. (1991), these 
discrepancies are outside experimental error and may reflect the diflerences in solution conditions. In 
particular, HI 19 is expected to be in a different conformation in the phosphate-bound form than in 
the phosphate-free form. Additionally, the region around E49 including H48 and D14 has also been 
shown to differ between the solution structure and the crystal structure and exhibits a pH-dependent 
conformational change (Santoro et al., 1979). Therefore, the ionization properties of E49 might be 
expected to be highly sensitive to solution conditions. In the case of D38, there is a difference of 1.4 
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pH units in the reported pKa values which may result from conformational or electrostatic differences 
dependent upon solution conditions, particularly the binding of inorganic phosphate. This is consistent 
with the observation that D38 is highly mobile in solution in the phosphate-bound form of RNase A 
(Santoro et al., 1993). It is possible that D38 adopts a different and perhaps more rigid conformation 
in phosphate-free solution. An additional consideration in the case of D38 is the ionic strength, which 
was much higher in the studies of Rico et al. (1991). The higher ionic strength could shield the charged 
side chains of K37 and R39. Interaction of the carboxylate of D38 with these groups could lead to a 
lowering of the pKa but these interactions would be minimized at higher ionic strengths. 
Comparison with the Potentiometric Titration of RNase A. 
Using the pKa values determined in this study, a titration curve can be calculated and compared 
with the potentiometric curve determined at a similar ionic strength (0.03 M) (Tanford & Hauenstein, 
1956). Specifically, the calculated curve in Figure used the 13 experimentally determined values from 
Table I as well as our best estimates for the pKg values of E9 (3.8) and Elll (4.2) from less reliable 
reporters. All other pKa values were from model compounds (Nozakai & Tanford, 1967). We are able to 
faithfully reproduces the potentiometric curve of Tanford and Hauenstein (1956) at low pH values but 
the fit becomes worse above pH 6 where differences in ionic strength are expected to increase. In this 
higher pH region, ionization of the N-terminus and other basic side chains begin to predominate and 
the divergence indicates the inability of model pK^ values to accurately reflect the ionization properties 
of groups within proteins. Additionally, our experimental ionic strength deviated more significantly 
from 0.03 M at higher pH values. Nevertheless, the excellent agreement at low pH values supports our 
finding of a large number of carboxylates with pKa values below 3.0. 
Theoretical pKg Calculations. 
Theoretical calculations of the pKa values of ionizing groups in RNase A have used two methods. 
Calculations based on an extension of the Tanford-Kirkwood theory (Tanford & Kirkwood, 1957) have 
provided pKg values for all ionizing residues in RNase A at an ionic strength of 0.1 M (Matthew 8c 
Richards, 1982) while Antosiewicz et al. (1994) used the finite difference Poisson-Boltzmann method 
with an ionic strength of 0.2 M (Table II). Comparing our results with those from Matthew and 
Richards (1982) show that all values are within 0.5 pH units with the exception of E49, D83, D121 and 
V124. In particular, the calculated pKa value for the C-terminus (V124) is 1.4 pH units higher than 
indicated by our results. Some of these discrepancies may be attributed in part to conformational 
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Figure 3 (solid line): Calculated titration curve using the experimental pKa 
values given in Table I as well as the low reliability pKo values for 
E9 (3.8) and Elll (4.2) and model compound pKa values for the 
N-terminus, tyrosine, lysine and arginine residues (Nozakai & Tan-
ford, 1967). O: Experimental data from Tanford and Hauenstein 
(1956) at an ionic strength of 0.03 M. 
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differences between the phosphate-free RNase A in solution used in this study and the phosphate-bound 
RNase A in the crystal lattice that was the basis of the calculations of Matthew and Richards (1982). 
In the calculations of Antosiewicz et al. (1994), the use of the higher dielectric constant tp = 20 is 
in better agreement with our results. Antosiewicz et al. (1994) note that the use of an artificially high 
dielectric constant is not an accurate representation of the electrostatic environment in the interior of 
the protein but provides compensation for certain omissions in the model. In the (p = 20 calculations, 
3 of the pKa values differ by more than 1.2 pH units from our results-those of HI2, D83 and D121. 
Antosiewicz et al. (1994) offer plausible explanations as to the effect of alternate conformations and 
counter-ion interactions on the pK^ values of H12 and D121. It should also be noted that the calculations 
of Antosiewicz et al. (1994) used the crystal structure 3RN3 (Howlin et al., 1989) which is sulfate-bound 
while our experiments used the phosphate- zund sulfate-free form. A more intractable discrepancy is 
the pKa value calculated for D83 which Antosiewicz et al. (1994) acknowledge as a problematic result. 
These investigators predict a substantial downward shift (2 pH units) in the pKg of D83 from the 
intrinsic pKa value of aspartate in solution, while experimentally, a much smaller downward shift of 0.7 
pH unit is observed. 
Chemical Shift Changes Upon Titration. 
Two protons (RIO and K66 NH) were observed to have changes in their chemical shift in excess of 
2 ppm over the pH range followed (Figure 1). Using a program developed by Osapay and Case (1991), 
the contribution of ring currents, peptide group magnetic anisotropy and peptide dipoles to the chemical 
shift value can be calculated. This program does not include electrostatic effects from ionized groups 
as would be expected in the case of K66 NH. Therefore, the differerce between tlic- observed vdus and 
the value calculated by the program should be a measure of the effect of the electrostatic contribution 
of charged residues to the chemical shift. The value determined by the program is a correction to the 
"random coil" peptide chemical shifts tabulated by Bundi and Wiithrich (1979) and are determined 
using pH 7.0 and a temperature of 35°. Since the temperature in this study was 21®, a correction of 
-f0.15 ppm must be applied to the calculated value to correct for the temperature-induced change in 
the chemical shift of HOD. Interpolating from our experimental data, the chemical shift for the amide 
proton of K66 at pH 7.0 is 11.06 ppm while that calculated is 8.28 ppm, or a difference of 2.78 ppm. 
When the carboxylate of D121 is protonated, the electrostatic contribution to the chemical shift of K66 
NH should be at a minimum and therefore should be most closely approximated by the calculation. At 
the two lowest pH values, the chemical shift of K66 NH is 8.59 ppm, some 0.3 ppm higher than that 
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calculated. This difference may be due to the proximity of the carboxylate group with its significant 
magnetic anisotropy as well as the possible electrostatic contributions from the protonated side chains 
of H119 and K66. 
The magnitude zmd direction of the titration shift of K66 NH due to the ionization of D121 is an 
indication of the effect of charge amd hydrogen bonding on the chemical shift. As expected, the shift 
is downfield, consistent with the formation of a strong hydrogen bond between the K66 peptide amide 
and the D121 carboxylate. Surprisingly, the large magnitude of the shift indicates that the negatively 
charged carboxylate is stabilized primarily by the hydrogen bond with K66 amide. This stabilization 
can account for the low pKa value observed for D121. The positively charged K66 and H119 side chains, 
which are nearby in the crystal structure (Figure 4), apparently do little to dissipate the negative charge 
of D121. This is further evident from the fact that the H119 pKa value is not significantly perturbed 
from model compound values. As both the K66 and HI 19 side chains have been shown to be flexible 
(Santoro et al., 1993) emd accessible to solvent, it is possible that they are interacting with anions in 
solution such as Cl~ or other negatively charged groups of the protein insteeid of 0121. 
A similar calculation for the chemical shift of RIO H' could not be done since the program cannot 
be applied to side chain NH groups. Nevertheless, the large downfield titration shift {~2.3 ppm) upon 
ionization of the E2 side chmn is consistent with formation of a strong, charged hydrogen bond with the 
positively charged RIO guanidinium group. Here, the negative charge of the E2 carboxylate is indeed 
stabilized by interaction with the RIO side chain, an interaction that is expected to lower the pKa value 
of E2 as observed. 
The amide proton of H105 showed an acid titration shift of 0.9 ppm that is associated with ionization 
of the C-terminal carboxylate. As one of the larger amide proton titration shifts we observed, it indicates 
a strong hydrogen bonding interaction between the H105 amide and the C-terminal carboxylate, which 
is presumably responsible in part for the observed low pKg value of the latter. The imidazole group of 
H105 apparently does not interact strongly with the terminal carboxylate since the ionization of this 
group is not reflected in the titration shifts of the H105 imidazole resonances to any significant degree. 
Deviation Of Carboxylate pKa Values From Model Compounds. 
Of the 9 carboxylate groups in RNase A for which we could determine reliable pKa values, 5 have 
pKa values at or below 3.0. The hydrogen bonding for E2, D121 and V124 discussed above are likely 
to be responsible for the lowering of their pKo values. In the case of D38, the possibility of alternate 
conformations that are dependent upon solution conditions makes an explanation of its perturbation 
56 
Figure 4 Stereo view of HI 19, K66 and D121 in the active site of RNase A 
from the structure 5RSA (Wlodawer & Sjolin, 1983). 
difficult. 
The largest deviation from model pKo values was seen in D14, which differed by 2.2 units. The 
analysis of the low pKa value of D14 is complicated by an apparent conformational transition of the 
protein near pH 5. Factors expected to contribute to a lowering of the pKa value of D14 are: a) the 
formation of a possible hydrogen bond with the Y25 hydroxyl group; b) the proximity and possible 
hydrogen bond interaction with the R33 guanidinium group; and c) proximity and possible hydrogen 
bond interaction with the H48 imidazole (Figure 5). Factors that could lead to an increase of the pKa 
value of D14 are: a) interaction of the carboxylate group with the ring of F46; and b) interaction of the 
carboxylate group with the dipole moment at the C-terminus of the a-helix. As our experimental data 
indicate a pKa value of ~2.0 for D14, the factors contributing to a lowering of the pKg are presumed 
to predominate. However, in the absence of the precise conformation of this region, it is impossible to 
discuss the factors responsible for this shifting with any certainty. 
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Figure 5 Stereo view of the residues in the immediate vicinity of D14 from the 
structure 2AAS (Santoro et ai, 1993). 
Conclusions. 
In this work, we have used NMR techniques to monitor the pH titration of selected residues in 
RNase A. Using an approach to analyze the reliability of these data, we have determined pKo values at 
a high level of reliability for 9 of the 11 carboxylate groups and all four histidines in RNase A. Of the 9 
carboxylates, 4 have pKa values less than 3.0 indicating strong perturbations from the model compound 
values. However, the factors involved in lowering these pKa values is not always readily apparent from 
structural considerations. A comparison of the results presented here with theoretical determinations of 
pKa values indicates significant differences for several groups. We have also monitored the titrations of 
two protons with chemical shift changes in excess of 2 ppm which may be attributed to the involvement 
of these protons in hydrogen bonds with carboxylate moieties. Such large electrostatic effects cannot 
be dealt with by current structure-based algorithms to calculate chemical shift values. 
In light of certain disparities between experiment and theory, these results indicate that there are 
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still many aspects of the theory of protein electrostatics that remain to be reRned. It is also clear 
that there is a need to know the structure of proteins in solution at conditions approximating those 
used during the experimental determination of pKg values of ionizing groups. The structure of a 
protein in a crystal lattice can be significantly different than that in solution; differences in solution 
conditions can also affect the conformational properties. Differences in the conformation and hydrogen 
bonding interactions of certain side chains may have a significant effect on the calculations. Thus, pK^ 
cedculations should be based on the structure of proteins at appropriate solution conditions in order to 
allow meaningful comparison with experimental pKa data. 
It is also clear that the electrostatic contributions from ionizable groups can play a major role in 
determining the chemical shift of a proton. While enjoying a great deal of success, methods to calculate 
proton chemical shift values can easily be off by more than 2 ppm if such electrostatic interactions are 
not included. This may prove to be a highly complex matter to resolve but the results presented in this 
paper provide a reference for understanding these effects. 
The methods used in this study may be applied to any protein with an assigned NMR spectra 
although care must be taken in assessing the reliability of reported pKa values. If the goals of protein 
engineering, sequence-based structural predictions and an understanding of structure-function rela­
tionships, are ever to be achieved, accurate knowledge of the pH-dependent properties of proteins is 
essential. This particularly evident in light of recent work that indicates electrostatic interactions can 
be significantly different than predicted (Lumb & Kim, 1995). Studies such as those reported here can 
provide valuable information in that regeird. 
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THEORETICAL pKa CALCULATION RESULTS AND DISCUSSION 
Delphi Computational Logistics 
When determining pKo values, one is in fact calculating an energy value, AGdeprotonation- Ioniza­
tion is merely smother equilibrium reaction which is characterized by an equilibrium constant and the 
related AG. From the electrostatic potentials involved in the process, the free energy change can be 
determined for an ionization event. However, there is not a single potential but rather several potentials 
corresponding to distinct portions of the ionization process. The free energy of the ionization can be 
treated as being comprised of three energy contributions: 
^Gdeprotonatian — tolvation 4" AGeAorge AAGjipo/e (33) 
where AAG,oiv<i(ion is the difference in the solvation energy of the charged and uncharged ionizing 
group in the protein environment using the reference state of the ionizing group in water. This value 
is computed by calculating the total energy obtained from the potential at each charge within the grid 
multiplied by the charge and summing over all such sites. Using the designations used throughout these 
calculations, 
AAGtoivation = [-l-d(cr/e) - +r(cr/e)] - [od(crfe) - or(cr/e)] (34) 
where +d refers to the state corresponding to the charged histidine in the uncharged protein envi­
ronment; -1-r refers to the state corresponding to the charged histidine in water (the reference state); 
od refers to the state corresponding to the uncharged histidine in the uncharged protein; or refers to 
the state corresponding to the uncharged histidine in water; and crfe denotes that this is a corrected 
reaction field energy calculated from the reaction potentials induced by the protein charges. If the 
molecule were totally contained within the grid and no ions were present, this energj' would correspond 
to the energy of taking the molecule from fprotein —^ ^exterior- Each of these specific values requires a 
separate calculation using distinct input files (Table I Table II). 
Uni( 
# 
10 
11 
12 
13 
M 
IS 
16 
17 
18 
19 
Table I Sample input files for DELPHI focus His 12 2aaa calculations. 
File input 
Extension output Contents •fd od ^•P 
.pdb 
pvameten 
atomic 
radii 
atomic 
charges 
hisl2c.prm 
hifll2f.prm 
derail 
hisl2+.crg 
hisl2c.prm 
hi«12f.prm 
detail 
hi9l2o.crg 
coordinates hi8l2-${int)-f.pdb hifll2-$(int)-f.pdb 
hifll2c.prm 
hiil2f.prm 
def^sii 
hi»12+.ag 
2aaaS{int).pdb 
hial2c.prm 
ht»12f.prm 
derail 
hulZo.crg 
2aaal(int).pdb 
hial2c.prm 
hii]2f.prm 
defjiit 
hial2*full.crg 
2aaal{int).pdb 
hislSc.prm 
hial2f.prm 
hial2«full.crg 
2aaal(int).pdb 
hi«12c.prm 
hia]2f.prm 
def^it 
hisl2-all.crg 
2aaal(int).pdb 
.phi out binary hisl2-$(int)+r.phi hist2-l{int)or.phi hitl2*l(int)-fd.phi hi»12-l(int)od.phi hia!2-l{int)-K.phi hial2-t{int)oc.phi hi«12«l(int)4-p.phi 
O map hi«12*$(int)+rr.phi hi8l2-t{int)orf.phi hial2-S{int)-{-dr.phi his]2*${int)odf.phi hbl2«l(int)-Kr.phi hia!2*l{int)ocf.phi hbl2*l(int)-fpf.phi 
.pdb in coordinates hisl2<${int)-f.pdb hiBl2-S(int)+.pdb hisl2-t{int)-t-.pdb hiil2'l(int)-f.pdb hul2-l{int)+.pdb hia!2>l|int)o.pdb hisl2>l{int)-f.pdb 
•frc 
.phi 
pdb-Iike 
(S map 
( map 
hi<>l2'S{int)+r.frc hisl2-l{int)or.frc hia12*l{int)-fd.frc hisl2*t(int)od.frc hii12*l{int)+c.frc 
hiaI2-t(int)+rf.frc hisl2-S{int}orf.rrc hifll2*l{inl)+df.rrc hifl2-t{int)odr.fn; hial2-t{int)-fcf.rrc 
hisl2>l(int)oc.frc hial2«l{ini)<fp.frc 
hial2*l{int)ocf.rrc hisl2«$|int)-fpf.frc 
hiil2*S{int)+r.ep8 his]2-l(int)or.ep« hifl2-l{int)+d.epa hit!2*t{int)od.eps hMl2*S{int)-K.epa hial24{int)oc.epa hifl24{int)-fp.epa 
hi8l2-S{int}+rf.epB hisl2-t{int)orf.epa hisl2-t{int)-(-df.epti hifll2-t{int)odf.eps hifll2-t{int)-H;f.ep0 hifl12-t{in()ocf.eps his12-S{int)+pf.epa 
optional binary 
input hi<12'8|int)+r.phi hial2-$(int)or.phi hifl12-l(int)+d.phi hisl2-${int)od.phi hifll2-l{in()-K.phi hiil2«l{int)oc.phi hiil2>l{inl)+p.phi 
.pdb out pdb-Iike hisl2>8{int)+r.pdb hial2-S(int)or.pdb his]2-S{int)-fd.pdb hifll2*8{int)od.pdb hisl2-f{int)+c.pdb hiaI2-l{int)oe.pdb hisl2*S{int)4p.pdb 
0 map hisl2-$(int)+rf.pdb hial2'S{int)o(f.pdb btal2-l{tnt)'KJf.pdb htal2*S{int)odf.pdb hiRl2-t(int|-fcf.pdb hisl2-t{int)ocf.pdb hitl2-t{int)-fpr.pdb 
Table II Sample input files for DELPHI no-focus His 12 5rsa calculations. 
Unit File input 
# Extension output Contents -hr or +d od -l-c oc +p op 
10 .prm in parameters hisl2.prm hisl2.prm hi8l2.prm hisl2.prm hisl2.prm hi8l2.prm hislQ.prm hi8l2.prm 
11 .siz in atomic 
radii 
def.siz def.siz def.siz def.siz def.siz def.siz defsiz def.siz 
12 •erg in atomic 
charges 
hi8l2-(-.crg hisl2o.crg hi8l2+.crg hisl2o.crg hi8l2-full.crg hisl2-full.crg hisl2-all.crg hisl2-all.crg 
13 •pdb in coordinates hi3l2+.pdb hi8l2-l-.pdb 5rsa.pdb Srsa.pdb Srsa.pdb Srsa.pdb Srsa.pdb Srsa.pdb 
14 .phi out binary 
0 map 
/dev/nul! /dev/null /dev/null /dev/null /dev/null /dev/null /dev/null /dev/null 
15 .pdb in coordinates hisl2-f.pdb hi8l2-f-.pdb hisl2-|-.pdb hi8l2-f-.pdb hisl2+.pdb hisl2o.pdb hi8l2+.pdb hisl2o.pdb 
16 -frc out pdb-like 
(i> map 
hisl2+r.frc hisl2or.frc hisl2-Hd.frc hi8l2od.frc hisl2+c.frc hisl2oc.frc hi8l2-|-p.frc hisl2op.frc 
17 .eps out e map hisl2+r.eps bisl2or.eps hi8l2+d.eps hisl2od.eps hisl2+c.eps hisl2oc.eps hisl2+p.eps hisl2op.eps 
19 .pdb out pdb-like 
<t> map 
hisl2-f-r.pdb hisl2or.pdb hisl2-fd.pdb hi8l2od.pdb hisl2+c.pdb hisl2oc.pdb hisl2+p.pdb hisl2op.pdb 
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^Gchargt is the energy of the charged and uncharged ionizing group interacting with the charged 
groups in the protein, assuming these groups will be in the ionization state expected for pH 7. 
charge — (35) 
where +p refers to the state corresponding to the charged histidine interacting with other charged 
grou[>s in the protein; op refers to the state corresponding to the uncharged histidine interacting with 
these protein charges; and te indicates that this is a totsJ energy term arising from charge-charge 
interactions. 
AAGdtpofe corresponds to the difference in the intereu:tion of the charged and uncharged form of 
the ionizing group with dipoles present in the protein. This is a charge-charge interaction energy which 
is calculated from the dipole charges within the grid, which are then used to calculate the potential at 
every charge both in and out of the grid. In the terminology used in the calculations, 
AAGdipoie = +c{crfe) — oc(crfe) (36) 
where +c refers to the state corresponding to the charged histidine in the protein interacting with the 
protein dipoles and oc refers to the state corresponding to the uncharged histidine interacting with 
these dipoles. 
Focusing 
An Eidditional technique for dealing with boundary conditions is focusing. The parameter perfil (see 
Appendix B) controls the percentage of the box that is filled (more strictly, the largest dimension of 
the protein as read from the input coordinate is set to be perfil of the overall grid length). The focusing 
technique allows a smaller perfil value to be used initially to generate the potential maps. These values 
can then be incorporated into a subsequent set of calculations at a higher perfil value. In many cases, this 
will allow a better estimate of the boundary potentials and also introduces the capability of perfil values 
in excess of 100% (Jayaram et al., 1989). The net effect of increased perfil values is to make the effective 
grid larger without ignoring potential contributions from groups outside of the high-resolution grid. 
Unless otherwise stated, calculations were meule using this technique with a 45% perfil for the initial 
'coarse' run, a perfil value of 100% for the final 'fine' run and an igrid value of 69. For calculations 
using the structure 5rsa (Wlodawer & Sjolin, 1983) there is little difference seen between focus and 
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non-focus calculations with perfil = 100% (Table III). In the work of Jayaram et al. (1989), the focus 
technique was used in a repetitive sequence of DNA, attempting to determine the solvation status of the 
molecule. By increasing the value of perfil to 300%, one turn zdone could be included without ignoring 
contributions from other groups which, given the highly charged nature of nucleic acids, are more likely 
to be significant than in a protein molecule. However, the lack of improvement observed for the focus 
technique in the His 12 and His 119 calculations is somewhat unexpected since these residues are at the 
active site which contains a high density of charged groups, including the side chains of a lysine and an 
aspartate. 
Table III Focus vs. Non-focus DELPHI Calculations 
Group Focus pKa Non-focus pKa 
His 12 3.53 3.51 
His 48 9.70 9.68 
His 105 8.54 8.53 
His 119 5.66 5.69 
igrid 
The nature of the dependence of the calculations on the parameter igrid was examined by conducting 
focus runs for each of the four histidine at a range of igrid values. In general, the individual energies 
determined by the program were stable in the range igrid = 29-79 (Figure 1). Both reference states 
showed an instability at high igrid values absent from other energy values. This can be attributed to 
the high igrid to A ratio, indicative of an 'over-fine' grid which in physical terms has multiple grid 
points within each atom. For igrid = 89, the reference state calculations map 9.75 grid points per A as 
compared to 1.8 for other calculations within that set. Other energy values displayed less sensitivity to 
higher igrid values. However, the -fr energy is the largest contributor to the overall energy and hence 
the pKo . With the exception of His 105 and His 119 in the od and +d calculations, the energies are 
stable in the range igrid = 29-99. Additionally, the instability seen for lower igrid values gives less 
negative energy values which is reflected by a decreased pKa . The low resolution at small igrid values 
causes an averaging of charges as they are mapped onto the grid surface. This will tend to decrease the 
net charge and the calculated potentials, resulting in less negative energies. Overall, the combination 
of energy variation as a function of igrid results in a final pKa value that is stable in the mid-range of 
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igrid igrid 
100 
100 
igrid igrid 
Figure 1 Plots of the individual electrostatic energies as a function of igrid for 
the four histidines of RNase A. His 12: •—O; His 48: o • • o; His 105: 
A- -A; and His 119: <>—o. All data for these plots were calculated 
using the 'fine' results from focus runs with igrid = 69, t =4 and 
I = 0.15 M for the structure 5rsa. Clockwise from upper left: +d, 
+r, +c, +p 
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igrid 
Figure 1 (continued) Clockwise from upper left: od, or, oc, op 
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igrid (Figure 2). The variation at high values of igrid is dominated by contributions from the reference 
state energies +r and or while the low value variation results from the general trend of underestimating 
the energy at low resolution. 
Dielectric Constant 
As was discussed in the previous chapter, the choice of the protein dielectric constant can alter the 
calculated pKo values. Three different dielectric constants were examined for each of the four histidines 
in the structure 5rsa (Wlodawer & Sjolin, 1983): f = 2, 4, 20 and 80 (Table IV). It is unexpected 
that the change from e = 4 to c =2 would cause such a large change, although the direction of 
this change is more remzirkable. Previous work indicates that lowering the dielectric constant lowers 
the pKa (Antosiewicz et ai, 1994), since a less polarizable environment is less stabilizing towards a 
charged molecule. This is true only for the case of H12 although H119 exhibits a minimal change. 
However, both H48 and H105 show a marked increase in the pKg value. While this increase can be 
rationalized for H48 due to its solvent-inaccessible environment, H105 is fully solvent-accessible and 
therefore such a mechanism cannot account for both observations. In the case of f =20, only H12 
and HI 19 follow the trend that the pKa value at higher e values tends towards the reference pKa • 
For both H48 and H105, the trend is reversed, presumably by some undetermined mechanism which 
is responsible for the low e values. A dielectric constant of 80 shows a lesser effect than the increase 
from 4 to 20, but all histidines show a higher pKa value when the protein dielectric constant is equal 
to that of the solvent. In all cases, both charge states for the d and r states show a near-zero energy, 
reflecting a minimal electrical potential. The most significant contribution to the pKa shift indicated 
by the e = 80 calculations arises from interactions between the charged histidine and partially charged 
groups within the protein. It should be emphasized, however, that none of the calculated pK,, values 
at £ = 4 reproduce experimental observations with any great degree of accuracy. 
Table IV Dielectric constant pKp dependence 
Group e = 2 c = 4 £ = 20 £  = 8 0  
His 12 0.82 3.53 5.98 9.06 
His 48 11.49 9.70 8.09 9.34 
His 105 10.0 8.54 7.44 8.44 
His 119 5.74 5.66 6.04 9.40 
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Figure 2 Variation of the calculated pKa values as a function of igrid for the 
four histidines of RNase A. His 12: •—•; His 48: o • • - o; His 105: 
A- -A; and His 119: «—o. All data for these plots were calculated 
using the 'fine' results from focus runs with igrid = 69, € =4 and 
I = 0.15 M for the structure 5rsa. 
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Solution Conditions 
Other input parameters reflect the physical environment in which the protein dwells. A decrease 
in the ionic strength produces trends similar to those seen for variations in c (Table V) although 
the magnitude of these changes is not as large. Calculations omitting the phosphate moiety from 
the structure file uniformly predict higher pKa values while the omission of ordered water molecules 
uniformly lowers the pKa with the exception of H105. 
Table V Solution condition pKa dependence 
Condition His 12 His 48 His 105 His 119 
I = 0.05 M 0.73 9.78 10.05 5.46 
I = 0.15 M 3.53 9.70 8.54 5.66 
I = 0.50 M 0.98 9.61 9.96 5.97 
-PO4 12.2 13.9 10.7 11.8 
- H2O 4.59 8.67 8.98 4.87 
Structure Considerations 
Given the potential for significant yet valid differences in experimentally determined pKg values 
discussed in the previous chapter, methodologies to calculate pKa values should be able to successfully 
predict these differences when the input structures closely match the different experimental conditions. 
Although no phosphate-free solution structure exists, it was felt for reasons stated previously that the 
structure 5rsa (Wlodawer & Sjolin, 1983) was an accurate model for the experimental determinations 
made in this study. In siddition, a solution structure and tentative pKa assignments have been reported 
in the presence of phosphate (Santoro et ai, 1993; Rico et ah, 1991). DELPHI calculations using a 
number of input structures were undertaken to examine the role that conformation and environmental 
conditions might play in pKo values. The structures used were: 5rsa (Wlodawer & Sjolin, 1983) which 
served as the basis for the interpretation of the titration data discussed in the previous chapter; 7rsa 
(Wlodawer et al., 1988) which is similar to 5rsa as discussed previously; 3rn3 (Howlin et al., 1989) which 
served as the structure set for the calculations of Antosiewicz et al., (1994); and 2aas for which the pKa 
values were determined by Rico et al., (1991). In general, the calculations using structures other than 
5rsa do no better in reproducing the experimentally observed pKa values (Table VI). With 
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Table VI Structure dependence of pKo values and literature comparison 
Source His 12 His 48 His 105 His 119 
This report 6.0±0.1 6.1±0.1 6.5±0.1 6.5±0.1 
DELPHI: 5rsa 
Focus 3.53 9.70 8.54 5.66 
Non-focus 3.51 9.68 8.53 5.69 
« = 20 5.98 8.09 7.44 6.04 
- H2O 4.59 8.67 8.98 4.87 
DELPHI: Trsa 
Focus 37.4 35.9 22.8 34.5 
Non-focus 37.2 35.7 22.8 34.5 
- H2O 18.6 19.6 17.5 21.0 
DELPHI : 3rn3 9.68 14.2 16.2 16.7 
DELPHI : 2aas 12.0±0.5« 15.8±0.5 8.0±0.2 8.7±1.3 
Rico et al. (1991) 6.2 6.0 6.7 6.1 
Matthew & Richards (1982) 6.3 6.5 6.6 6.7 
Antosicwicz et al. (1994) 4.5 6.5 6.2 5.9 
(a) The ± x-alue is the standiuxl deviation for the pKo values of the 32 individual coordinate 
sets which make up the PDB entry 2aas. 
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the exception of the € = 20 calculations, DELPHI fared much poorer than other predictive method­
ologies. Furthermore, DELPHI was unable to accurately predict the PKA values for the four histidines 
of RNase A in different structures, most notably 2aas for which additional experimental observations 
exist (Rico et ai, 1991). The 2aas structures which yielded the maximum and minimum pK^ values 
were examined for each of the four histidines in an attempt to determined structure-based origins for 
these oftentimes widely disparate calculated pKg values. In the minimal and maximal pKg structures 
for His 119, there is a significant rotation about xi which results in the imidazole ring being at a 
nearly opposite orientation in the two conformations (Figure 3). This rotation produces a net change 
in position of of 6.0A and a change of 3.6A for N" atom. Other neighboring groups undergo much 
smaller positional shifts. In the higher-pKa structure, the carboxylate of D121 is some 4 A closer to the 
side chain and the atom of K7 is 4 A more distant while the carbonyl oxygen of F120 is less than 
3.5A from the atom of HI 19. Each of these interactions would be presumed to favor the protonated 
state and the difference of over 5 pH units in the respective pK., values for these two conformations 
would appear to be reflected by the DELPHI calculations more in a qualitative sense. The other three 
histidines show smaller differences in their minimal and maximal pKa values (Appendix C) and also 
show much smaller conformational differences than in the case of HI 19. The side chain of His 105 
moves less than lA in the minimal and maximal pKa structures and the terminal carboxylate moves 
only O.lA (Figure 4). The atom of H105 moves I.SA away from the atom of Q74, although 
this is actually a conformational change of the glutamine rather than the histidine. In any event, the 
increased spacing between these two polar groups is the likely origin of the 1 pH unit increase in the 
calculated pKa for H105. The difference of ~2 pH units in the calculated pKa of His 12 is due largely 
to the conformational change of His 119 although the atom of K7 moves closer to H12 in the higher 
pKa structure, counter to what would be anticipated (Figure 5). A movement of 2.5A in the side chain 
of R33 away from and a movement of O.SA towards H48 are the probable origins for the 1.7 pH unit 
increase in the calculated pKo of H48 (Figure 6). It should be emphasized again that the calculated pKo 
values using the 2aas structures for His 12 and His 48 produce numbers that are not within the bounds 
of physical probability, neither are they supported by experimental work. Calculated values for His 105 
and His 119 are not unheard of in the literature and for certain structures within the 2aas family, the 
calculated values can match experiment quite well. On aggregate, however, none of the four histidines 
can have accurate pKo values determined by DELPHI calculations. Furthermore, the calculations using 
the structures 2eias and 7rsa do not qualitatively predict a higher pKa value for H12 as compared to 
HI 19, the two active site histidines which are involved in the catalytic mechanism. As these two pKa 
Figure 3 A comparison of the 2aas structures which give the minimum (5.97) 
(yellow) and maximum (10.51) (orange) pKa values for His 119 as 
calculated by DBLPHI. 

Figure 4 A comparison of the 2aas structures which give the minimum (7.56) 
(yellow) and maximum (8.52) (orange) pK^ values for His 105 as 
calculated by DELPHI. 

Figure 5 A comparison of the 2aas structures which give the minimum (11.03) 
(yellow) and maximum (12.91) (orange) pKa values for His 12 as 
calculated by DELPHI. 

Figure 6 A comparison of the 2aas structures which give the minimum (14.83) 
(yellow) and msucimum (16.54) (orange) pKg values for His 48 as 
calculated by DELPHI. 
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values are important in the mechanism of catalysis, accuracy in the qualitative sense of which is higher 
is a minimd test of the methodologies for pKa calculation, a test which DELPHI does not pass using 
the approach described in this study. 
Dummy atoms 
As is clear from Figure 1, the reference state energies display the greatest variation as a function of 
igrid. An important factor in this variability is the number of grid points per A. For calculations on 
states other than the reference state, the entire protein molecule is mapped onto the grid. However, 
in the case of the reference state it is only the histidine residue that is mapped onto the grid and 
therefore the number of grid points per A for the reference state will increase more rapidly than for 
the other states (Figure 7). By introducing dummy atoms into the coordinate files, the ratio of grids 
per A can be kept constant. An additional benefit is that the center of the molecule about which the 
focusing takes place can be predetermined by the selection of the dummy atom coordinates. In the 
case of H12 in the 5rsa structure, is positioned at the x,y,z coordinates 28.74, 17.88, 9.45. The 
minimum and maximum range of x,y,z values for RNase A in 5rsa are (9.52, 48.88), (-7.437, 41.21) 
and (-5.41, 30.88), respectively. The program averages the minimum and maximum values along each 
dimension to determine the geometric center which is then assigned as the grid center. If the histidine in 
question happens to lie far from the center, as is likely the case, it will then be closer to the boundaries 
and as such will be more prone to errors caused by incorrect boundary potentials. By choosing two 
dummy atom entries for all three PDB coordinate input files for a given residue's calculation with the 
x,y,z coordinates (8.60, -7.437, -12.00) and (48.88, 43.20, 30.88), the geometric center now becomes 
(28.74, 17.88, 9.44), which are the coordinates of the atom of H12 in 5rsa. Similar dummy atoms 
were determined for each of the other three histidines. In addition to centering effect, dummy atoms 
will also insure a uniform grid per A ratio for all calculations for a given histidine as opposed to the 
ratio of the grids per A for the reference state to the same ratio for the other states (which are all 
equal to the same value) of rotighly 5 for the four different structures in the absence of dummy atoms 
(Figure 8). This technique was used in examples provided with the DELPHI peickage and the omission 
of the dummy atoms changed the computed pKo value for H40 of trypsin by only 3 parts in 100. In the 
calculations of RNase A using the 5rsa structure, dummy atom inclusion resulted in poorer agreement 
with experimentally observed pKa values in all cases (Table VII). The energy for the -(-p state was 
largely responsible for this increase, nearly doubling for three of the four residues. 
Table VII Dummy Atom Results 
His 12 His 48 His 105 His 119 
-dummy -Hdummy +dummy -dummy +dummy -dummy +dummy -dummy -Hdummy 
igrid 69 69 99 69 69 69 69 69 69 
+r -16.72" -16.87 -16.72 -16.41 -17.01 -12.21 -17.26 -21.27 -28.20 
or -0.96 -1.32 -1.33 -1.05 -1.33 -0.71 -1.35 -2.65 -2.68 
+d -3.85 -3.78 -3.87 -4.00 -3.83 -10.71 -9.21 -14.26 -14.33 
od 
-0.03 -0.03 -1.33 -0.03 -0.03 -0.90 -0.84 -0.48 -0.55 
+c 10.53 10.45 10.34 0.97 0.98 0.57 0.57 7.39 7.27 
oc -1.28 -1.26 -1.25 -0.09 -0.09 0.04 0.04 0.87 0.89 
+P -16.87 -34.05 -33.47 -17.08 -28.21 -8.21 -16.06 -9.59 -23.01 
op -0.66 -0.20 -0.13 2.07 2.12 -1.74 -2.71 -0.89 -0.78 
pKa 3.53 11.29 11.23 9.70 14.34 8.54 9.09 5.66 8.58 
(a) Values listed are the energies for their respective states in units of kT. 
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Figure 7 Grids per A as a function of igrid for His 12 5rsa. +r and or: •—•; 
all other states: o • • - o. 
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Figure 8 Grids per A ratio for His 12 structural calculations. 5rsa-lr: +r and 
or states for 5rsa without dummy atoms and igrid = 69; 5rsa-l; all 
other states for 5rsa without dummy atoms and igrid = 69; 5rsa-2r: 
+r and or states for 5rsa with dummy atoms and igrid = 69; 5rsa-2; 
all other states for 5rsa with dummy atoms and igrid = 69; 5rsa-3r: 
+r and or states for 5rsa with dummy atoms and igrid = 99; 5rsa-3: 
all other states for 5rsa with dummy atoms and igrid = 99; 2aas-r: 
+r and or states for 2aas without dummy atoms and igrid = 69; 
2aas: all other states for 2aas without dummy atoms and igrid = 69; 
3rn3-r: +r and or states for 3rn3 without dummy atoms and 
igrid = 69; 3rn3; all other states for 3rn3 without dummy atoms 
and igrid = 69; 7rsa-r; +r and or states for 7rsa without dummy 
atoms and igrid = 69; 7rsa; all other states for 7rsa without dummy 
atoms and igrid = 69. 
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CONCLUSIONS 
During the reign of Louis XV, the Abbe' Nollet put on a demonstration at the Couvent de Paris. 
Here, he assembled seven hundred monks in a line, each connected "electrically" to his 
neighbor by means of a bit iron wire clasped in either hand. The [electrical] circuit was 
completed by having the monks at the end joined to the prime conductor and the condenser 
by a similar means. At the moment of discharge, to the great joy and amusement of king and 
retinue, although to the considerable discomfort of the monks, the seven hundred monks, 
like the one hundred and eighty soldiers, leaped into the air with a simultemeity of precision 
out-rivaling the timing of the most perfect corps de ballet (Cohen, 1941. p48.). 
Electrostatics has advanced from amusement stage, but despite the application of powerful computa­
tional methods, there remains much to be learned. A protein such as RNase A contains numerous 
groups which are charged at physiological pH. The role these electrostatic groups within the protein 
play in assisting or maintaining conformation require much further work to be elucidated. The titration 
dependence of low-pH ionizing groups within RNase A has been examined at low ionic strength while 
an independent report has also examined this subject at higher ionic strength (Rico et ai, 1991). While 
many of the pKo values were similar, there were some significant discrepancies, notably the case of D38 
and HI 19. One of the several electrostatic computational packages was then employed to assess its Jic-
cureicy and also to attempt to shed light on the conformational and solution condition dependence of the 
observed pKo values. Although a variety of parameters were used, DELPHI was not able to reproduce 
with any degree of eiccuracy the experimentally observed results using any of the four input structures 
(Table VI). The most likely candidate parameter for increasing the accuracy of the calculated values, 
the dielectric constant, was raised from the accepted realistic value of e = 4 to 20. Although there was 
a degree of improvement for certain histidines, the overall performance was not satisfactory. It has been 
observed that increasing the dielectric constant can improve results by compensating for shortcomings 
in the computational approach (Antosiewicz et al., 1994). It should be kept in mind, however, that 
other computational methods have also given physically unrealistic pKa values for histidines, some as 
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low as 3.8 (Antosiewicz et ai, 1994). DELPHI has been used to accurately predict the pKa values in 
modified subtilisin (Gilson & Honig, 1987) at a variety of ionic strengths. Several ionic strengths were 
used in the study described here but the vuiations in the predicted pKg values were much larger than 
those reported by Gilson & Honig (1987). While many parameters were modified in the present study 
to attempt to acquire more realistic values, all possibilities were not exhaustively tried. The parameters 
which were deemed most critical by previous approaches and those of particular interest to the work 
at hand were altered, but most of the parameters governing the finite difference algorithm were left 
unmodified. In peu^ticular, application of the non-lineau' form of the Poisson-Boltzmann equation may 
provide more realistic values if the origin of problematic results is in the interaction of ionizing groups 
such as the two active site histidines. This, however, requires a different interpretation of the energy 
values as well as the computational methods. One further source of potential inaccuracy is differences in 
solution and x-ray conformation. Although it is generally acknowledged that such differences are slight 
in most instances, accommodation of mobility and flexibility could play a part in determination of the 
electrostatic environment that would not be apparent in calculations based solely on x-ray structures. 
The present study was also limited to calculations for histidines although the variations seen in the 
experimentally determined carboxylate pKo values for RNase A were equally compelling. Unfortunately, 
it is not a simple nor straightforward task to extend the calculation methods to such groups and, until a 
recent report (Rajasekaran et ai, 1994), no cedculations have been reported for carboxylates. Although 
there are instances of reliable outcomes of electrostatic calculations, the dearth of experimental data 
to test these theories makes large-scale commentary on the success of such methods premature. In the 
present study, there was little consistency seen between structures in spite of the small conformational 
differences of these structures. Furthermore, inclusion of crystallographic waters or ions had a large im­
pact on the resulting calculated pKa value which is not supported by the experimental evidence. Finally, 
while rationalizations can be made in a qualitative sense for the extremes of pKg values calculated for 
the family of solution structures, experiment and logic make quantitative acceptance impossible. In the 
case of HI 19, it is entirely possible that certain conformations within the family of solution structures 
have markedly different pKa values given the significant conformational changes this residue appears to 
undergo. However, these 'microscopic' pKa values will combine in a weighted manner to produce the 
'phenomenological' pKa value which is measured experimentally. So while it may be the case that a 
small number of conformations of RNase A will have 'microscopic' pKa values of HI 19 that are signif­
icantly elevated, the net pKa value must still agree with experiment. And under the procedures used 
in this study, none of the pKa values for any of the histidines do. It is possible that utilization of the 
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non-linear approach could result in improvement of the calculated pKa values, particularly since strong 
electrostatic interactions 2ire not uncommon in a protein such as RNase A and can cause the breakdown 
of the linear Poisson-Boltzmann equation which implicitly assumes that the electrostatic energy is less 
than the thermal energy. However, in light of the entirely different nature of non-linear treatments of 
electrostatics and the reported successes of the linesir method utilized by DELPHI, the present study 
confined itself to the examination of the applicability of the line2ir treatment. 
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APPENDIX A pKa ASSIGNMENT DATA FOR RNase A 
The following tables contain the data used in medcing the assignments of pKg values from observed 
titrations. Moving from the left-most column of the table (as viewed in landscape orientation) are: 
the residue whose titrations were monitored; the specific proton that is titrating and the portion of 
the titration yielding a pKa value; and the pKo value determined by the program PROPHET; the error 
associated with the pKg value; the change in chemical shift over the titration, expressed asAS = 5(high 
pH) — J(low pH). The remaining columns contain the distance in A from the titrating proton to the 
ionizing atoms of the ionizing groups in the protein. Column and row headings are listed on the bottom 
and right, respectively, for easier viewing. 
1 E2 E9 H12 DI4 D38 H4S E49 DSJ D83 EM H105 fellt MI19 Diil VI14 1 L 1 J 01 02 01 02 d e 01 02 01 02 d e 01 J 02 01 02 0 1 02 01 02 d e 01 02 d e 01 d2 TTT 62 [«» Res typ* fKa SD Del 1 m 1 
K7 nhl 2.66 O.IOI 0.212 4347 4303 6.848 7.691 j nhl IE 
nhll 5.47 0.21} -0.087 10.650 9340 11.580 13.520 nhll 
chl 2.68 0.10i 0.034 2.630 3393 8.010 8.067 15.110 14.250 12.460 14.460 11440 13.060 1 chl 
911 nhl 1.% 0.101 0.206 5.944 6.937 8.451 7.969 l).520 13.470 nhl 50; 
nh il 5.00 0.261 0.(Vt0 5.881 5331 lO.SIO 12110 nhll 
chl 2.26 0.10) -0.049 7388 8308 10.290 11.080 cST 
ch 11 5J5 0.1« -0.092 5.473 5jt» 11.490 13.470 ciilt 
: 
HI2 nhl 2.57 0.10) 0.101 9.347 10.44C 8349 8.089 9.699 10.100 11610 13.110 1 BhI ! HII 
nhU 6.03 O.ltt -0.275 4.216 4399 nhll 
chU 5.49 O.u! -0.076 10.910 10.980 2.890 4378 8.865 1685 9.901 I0.4<0 1 cfcll 1 
bl 2M 0.2li -0.024 11.370 ia44C 8358 8350 10.420 10.700 11550 11830 11.380 12.270 12.260 13.100 bll 1 
bl 11 5.43 0.1a -0.100 12.860 11.960 3.405 4M2 11.470 11000 9.317 10.750 bl II 
b2 II 5.93 O.nl -0.064 I0.420 {0.260 2.827 4Mi 9.969 9.926 9.690 I0.69Q 9.713 IO.IMC 12. IX i2.UA nrn~ 
resBI 3.58 O.33I 0.177 11840 12.290 12.610 12.390 1M4 tAt» IIJ20 IIUIV «BI 
resbll 6.06 O.I0I -1.723 •' 3.184 lesbD 
dell 5.89 O.IOI -0343 9.947 9312 9.642 10.010 3.268 2.162 11830 13.030 10.640 Il.i46 mr~ 
cpl 2.28 0.30I -0.090 12.280 12.160 13.650 13.680 1)490 13.000 9.7i5 il.OOO epi 
epil 5.98 O ld -1.064 2.140 2.104 epn 
1 
D14 nhl 2.35 o.ioi 0.108 9.262 10.460 5351 4.777 nhl Bl4 
nhll 4.40 o.ioj 0.097 t74i tiU pfcll 
nhlll 6.34 0.101 0.083 8.^5 10.020 5.326 iMi KhOI 
chl 2.31 O.22I -0.014 2.42i 3343 chl 
ch II 3.75 O.nl 0.016 9.031 10.7M 9.918 11.470 5.118 7.188 10.730 10.940 
b21 1.98 0.14 -0.095 3.080 1455 b2l 1 
b211 5.25 O.ia 0.178 3.151 4301 BTT" 
} 
A20 nhl 1.92 O.44I -0.029 7312 9331 4.937 3.6J2 nhl 
nhU 4.58 0.ld 0.147 I0L*2» DhU 
chl 1.88 O.IOI -0.124 5.922 7.991 SI" 
ch 11 4.45 O.lll -0.072 lift* chll 
chill 6.41 0.181 0.176 5.267 4Mi ektit 
beud 5.69 0.14 0.207 9.876 7.744 6.519 4.^1 11600 13.990 10.560 10.900 beul 
N24 nhl 3.2c 0.29| 0.015 lUl* isjim nhl Rg 
nhll 6.38 0.10! -0.093 12.650 1I3M ah II 1 
chl 6.46 0.17 0.069 13.710 lUM ST~ 
V15 nh I 3.87 0.33 -0.013 11.690 9.644 17.650 11780 I3.4M I2.94C itfil yg 
nh 11 5.87 o.ioj -0.062 15.800 I0.4SC arir 
chl 5.39 O.ia -0.065 14.690 9.351 7.6M 9.216 iMi 16.990 17.870 13.910 I3.52t chl 
beull 5.49 O.IOI -0.058 13.710 9.624 7.52« 1.129 7.140 15.450 16.490 11.390 11.090 betoll 
deluJ 5.82 O.IOI -0.134 12.700 8.161 6.126 7.014 14.380 15.340 ll.M) ll.«)4 ietuJ 
ers 1 5.97 0.12 -0.049 12.030 12.100 6.017 4.a]« 5.251 4.^ 11670 13.470 11.551 II 61C ep.1 
T36 nhl 6.43 0.171 0.028 12.550 11580 i.m t.in 11.560 10650 nhl Bg 
chl 1.96 O.in 0.256 1A3* 1.036 9.024 1100 ctil 
1 
D38 chl 221 0.11 -0.178 }.70( 2.534 chl B5f 
ch I! 6.56 0.19 0.109 18.060 17330 chll 
1 
V43 nhl 4.03 O.ld -0.113 t.101 9.109 M18 nhl yg 
— 
chl 3.58 0.11 -0.057 Ul6 13W 7.1 ll cht 1 
1 
T45 nhl J 2.53 0.411 -0.093 il54 nhl fnr 
Inh II 5.77 0.10^ -0.693 3.306 4.7^ nhll 
-
chl 2.46 O.IM 0.073 4.511 4.Mj n 1 1 
ch H 6.25 O.m 0.052 5.407 7313 chll 1— 
i ! 
H4R nhl 4.02 0.15 0.053 7.726 7,203 5.01.) 6.010 11.330 9.761 I0.320 12.020 [BhI 1 Ha 
nh 11 6.08 0.10 -0.324 9.830 11.790 4.III 4Sn isir* 
chl 5.47 0.14 -0.168 10850I 12.740 5.296 T306 3.099 4.702 6.284 6.427 11.240 9.667 12660 14.IOO 1  '  arr" 
bl 1 2.04 O.ltt 0.148 7.094 7.724 11.910 lO.OSOj II.S60 13.500 ^1 
bl it 
^ ! 
bl 11 4.21 0.1» 0.143 4.640 ^ 5361 
,bl III 5.96 O.ld -0.123 12 670 14.6S<J 3.364j 4.157 bl lU 1  
- H  
b2l 1 5.78 0.10 -0.348 12.210 14.22(^ 6.367 5.922 l6IO 4250 5.813 '6718 9.794 11030 T4.5I6 b2l 
! .. 1 1 1  
1053 bll 1 
"'bZT 1 
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APPENDIX B DELPHI INPUT FILES 
This appendix contains samples of the input files used in DELPHI for the calculation of pKa values. 
In the csilculations described in this work, the nomenclature used to denote certain filenames departs 
from that given in the DELPHI manual as these were not deemed descriptive enough for clarity of 
use. The files listed below are those used to calculate the pKg value for His 119 using the structure 
5rsa (Wlodawer & Sjolin, 1983) with parameters given in the parameter file hisll9c.prm for the initial 
coarse run in a focus calculation. The sample shell script which controls the program flow is for a focus 
calculation using the structure family 2aas (Santoro et ai, 1993). 
Structure files 
2aa8$ {int} .pdb 
This file is simply an individual coordinate entry file for the family of structures 2aas which contains 
all atoms. The '${int}' string is a shell-escaped function which returns the numerical value of the 
shell variable 'int,' which is incremented during the run allowing each of the 32 individual structures 
to be submitted to the calculations from the same control shell script. This file was modified by a 
FORTRAN program written by the author that extreicts each of the 32 individual coordinate sets from 
the concatenated PDB entry, checks and corrects for a format error in some PDB files at column 13. 
In the case of an x-ray structure, another mode of the program will simply correct format errors. 
The program also strips header information and retains only the ATOM and HETATM lines from the 
coordinate file and also deletes any characters in columns 55-80 as these are not required by DELPHI. 
hisll9-l+.pdb 
This file contains the first in the family of coordinates for histidine only which is used in calculations 
involving the reference state. 
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ATOM 1140 N HIS T 119 -8, .650 1. 830 -0 .900 
ATOM 1141 CA HIS T 119 -7, .960 0. 920 0 .030 
ATOM 1142 C HIS T 119 -7, .140 -0. 080 -0 .790 
ATOM 1143 0 HIS T 119 -7, .530 -0. 480 -1 .880 
ATOM 1144 CB HIS T 119 -8, .950 0, 100 0 .870 
ATOM 1145 CG HIS T 119 -9, .980 0. 960 1 .600 
ATOM 1146 NDl HIS T 119 -9, ,730 1. 960 2 .440 
ATOM 1147 CD2 HIS T 119 -11, .300 0. 860 1 .480 
ATOM 1148 CEl HIS T 119 -10, .890 2. 440 2 .870 
ATOM 1149 NE2 HIS T 119 -11, .860 1. 760 2 .270 
ATOM 1150 H HIS T 119 -9, .020 1. 380 -1 .720 
ATOM 1151 HDl HIS T 119 -8. 820 2. 350 2 .600 
ATOM 1152 HE2 HIS T 119 -12, .830 1. 900 2 .400 
hisll9-lo.pdb 
Identical to the file hisllQ-lo.pdb except that the residue name is denoted 'HSD' rather than 'HIS.' 
ATOM 1140 N HSD T 119 -8. 660 1. 830 -0, .900 
ATOM 1141 CA HSD T 119 -7. 960 0. 920 0 .030 
ATOM 1142 C HSD T 119 -7. 140 -0. 080 -0 .790 
ATOM 1143 0 HSD T 119 -7. 530 -0. 480 -1, .880 
ATOM 1144 CB HSD T 119 -8. 950 0. 100 0 .870 
ATOM 1145 CG HSD T 119 -9. 980 0. 960 1, .600 
ATOM 1146 NDl HSD T 119 -9. 730 1. 950 2 .440 
ATOM 1147 CD2 HSD T 119 -11. ,300 0. 850 1, .480 
ATOM 1148 CEl HSD T 119 -10. ,890 2. ,440 2 .870 
ATOM 1149 NE2 HSD T 119 -11. 860 1. ,760 2 .270 
ATOM 1150 H HSD T 119 -9. ,020 1. ,380 -1 .720 
ATOM 1151 HDl HSD T 119 -8. ,820 2, 350 2 .600 
ATOM 1152 HE2 HSD T 119 -12, ,830 1. ,900 2 .400 
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Charge Files 
hisll9+>crg 
This file contains atomic charges for a protonated histidine. Values were taken from the DELPHI 
examples and originated in the Charmm data set. 
! CHARMM charges 
! His 119 only charged using charam hsc entries 
CB HIS 119 0.10 
CG HIS 119 0.15 
NDl HIS 119 -0.30 
HDl HIS 119 0.35 
CD2 HIS 119 0.20 
NE2 HIS 119 -0.30 
HEl HIS 119 0.35 
CEl HIS 119 0.45 
hisll9o.crg 
This file contains atomic charges for neutral euid charged histidine. Values were taken from the 
DELPHI examples and originated in the Charmm data set. 
! CHARMM charges 
! His 119 only charged 
CB HIS 119 0.00 
GG HIS 119 0.10 
CD2 KIS A  4  rs V  -  X W  
NDl HIS 119 -0.40 
HDl HIS 119 0.30 
CEl HIS 119 0.30 
NE2 HIS 119 -0.40 
CB HSD 119 0.00 
CG HSD 119 0.10 
NDl HSD 119 -0.40 
CEl HSD 119 0.30 
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CD2 HSD 119 0.10 
NE2 HSD 119 -0.40 
HEl HSD 119 0.30 
hisl 19-full.crg 
This file contains atomic charges for residues which bear a full charge in addition to target histidine 
charges in both the protonated and neutral form. When ions sire present in the structure files, any 
charges are included here as well. 
! CHARNN charges 
atoffl resnumbc.charge. 
hnl lys 1 0.333 
hn2 lys 1 0.333 
hn3 lys 1 0.333 
nz lys 1.0 
nhl arg 0.5 
nh2 arg 0.5 
oel glu -0.5 
oe2 glu -0.5 
odl asp -0.5 
od2 asp -0.5 
otl -0.50 
ot2 -0.50 
ndl his 0.0 
ne2 his 0.0 
CB HIS 119t 0.10 
CG HIS 119t 0.15 
NDl HIS 119t -0.30 
HDl HIS 119t 0.35 
CD2 HIS 119t 0.20 
NE2 HIS 119t -0.30 
CEi HIS 119t 0.45 
HEl HIS 119t 0.35 
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CB HSD 1197 0.00 
CG HSD 119T 0.10 
NDl HSD 119T -0.40 
HDl HSD 119T 0.30 
CEl HSD 119T 0.30 
CD2 HSD 119T 0.10 
NE2 HSD 119T -0.40 
P P04 0.90 
0 P04 -0.62 
hisll9-all.crg 
This file contains all partial charges for residues as well as charges for neutral and protonated target 
histidine. 
! CHARKN charges 
! all full and partial charges included, except on 
! his40 which is neutral in source «.pdb file 
! and partially charged in the target file 
• through chain designator T 
ATOM__RES_NuinC_cHArGe_ 
N -0.35 
HN 0.25 
CA 0.10 
C 0.S6 
0 -0.55 
N PRO -0.20 
CD PRO 0.10 
Hnl lys 1 0.35 
Hn2 lys 1 0.35 
Hn3 lys 1 0.35 
N lys 1 -0.30 
CA lys 1 0.25 
C val 124 0.14 
! Histidine tautomer 
! (uncharged vith proton at ne2 [70-90*/.] ) 
OTl val 124 -0.57 
0T2 val 124 -0.57 
CD ARG 0.10 
NE ARG -0.40 
HE ARG 0.30 
CZ ARG 0.50 
NHl ARG -0.45 
HHl ARG 0.35 
NH2 ARG -0.45 
HH2 ARG 0.35 
CG ASN 0.55 
ODl ASN -0.55 
ND2 ASN -0.60 
HD2 ASN 0.30 
CB ASP -0.16 
CG ASP 0.36 
ODl ASP -0.60 
0D2 ASP -0.60 
CB CYS 0.19 
SG CYS -0.19 
CD GLN 0.55 
OEl GLN -0.55 
NE2 GLN -0.60 
HE2 GLN 0.30 
CG GLU -0.16 
CD GLU 0.36 
OEl GLU -0.60 
0E2 GLU -0.60 
CE LYS 0.25 
NZ LYS -0.30 
HZl LYS 0.35 
HZ2 LYS 0.35 
HZ3 LYS 0.35 
CG NET 0.06 
SD NET -0.12 
CE NET 0.06 
CB SER 0.2S 
OG SER -0.65 
HG SER 0.40 
CB THR 0.25 
OGl THR -0.65 
HGl THR 0.40 
CG TRP -0.03 
CD2 TRP 0.10 
CE2 TRP -0.04 
CE3 TRP -0.03 
CDl TRP 0.06 
NEl TRP -0.36 
HEl TRP 0.30 
CZ TYR 0.25 
OH TYR -0.65 
HH TYR 0.40 
CB HIS 0.00 
CG HIS 0.10 
CD2 HIS 0.10 
NDl HIS -0.40 
HDl HIS 0.30 
CEl HIS 0.30 
NE2 HIS -0.40 
CB HIS 119 0.00 
CG HIS 119 0.00 
CD2 HIS 119 0.00 
NDl HIS 119 0.00 
HDl HIS 119 0.00 
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! HISTIDINE (UNCHARGed WITH PROtON ON NDl) 
! uncharged target -i-his40 in input «.pdb 
96 
CEl HIS 119 0. 00 
NE2 HIS 119 0. 00 
HEl HIS 119 0. 00 
N HIS 119 0. 00 
HN HIS 119 0. 00 
CA HIS 119 0. 00 
C HIS 119 0. 00 
0 HIS 119 0. 00 
CB HIS 119T 0. 10 
CG HIS 119T 0. 15 
CD2 HIS 119T 0. 20 
NDl HIS 119T -0. 30 
HDl HIS 119T 0. 35 
CEl HIS 119T 0. 45 
NE2 HIS 119T -0. 30 
HEl HIS 119T 0. ,35 
CB HSD 119 0. 00 
CG HSD 119 0. 00 
CD2 HSD 119 0. 00 
NDl HSD 119 0. 00 
HDl HSD 119 0. 00 
CEl HSD 119 0. 00 
NE2 HSD 119 0. ,00 
HEl HSD 119 0. 00 
N HSD 119 0. 00 
HN HSD 119 0. 00 
CA HSD 119 0, .00 
C HSD 119 0 .00 
• HSD 119 0 .00 
CB HSD 119T 0 .00 
CG HSD 119T 0 .10 
CD2 HSD 119T 0 .10 
charged •>-bis40 for * . f r c  file output 
! uncharged target neut his40 in input *.pdb 
! charged neut hi340 for '••.frc file output 
! proton on ndl 
97 
NDl HSD 119T -0.40 
HDl HSD 119T 0.30 
CEl HSD 119T 0.30 
NE2 HSD 119T -0.40 
0 TIP -0.834 
HI TIP 0.417 
H2 TIP 0.417 
0 0H2 -0.834 
HI 0H2 0.417 
H2 0H2 0.417 
0 VAT -0.834 
HI VAT 0.417 
H2 VAT 0.417 
P P04 0.90 
0 P04 -0.62 
! TIPS3P HATER MODEL 
! TIPS3P VATER MODEL 
! TIPS3P VATER MODEL 
Other input files. 
hisll9c.prm 
This file contains the parameters used by the program to execute the calculations. This particular 
file is the parameter file for the initial coarse calculations in a focus run. For the fine run, line 2 is 
changed to 100 and line 7 is changed to 3. 
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45. 
0.,0.,0. 
4,80 
0.15 
2,1.4 
4 
f.f.f 
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0 
i.f 
t 
t 
Srsa His 119 
t 
t 
t 
GCSA 
f.f.10.1 
The specific parameters are given with their line numbers and a description below. 
1 igrid Number of grid points per lattice axis 
2 perfil The program finds the maximum dimension along the three 
axes and sets the physical dimension of the grid lattice so that 
this maximal dimension is perfil • lattice length. 
This parameter is used to set the percentage of the lattice that 
is filled by the protein. 
3 offset x,y,z offset from the center of the lattice in grid units. 
4 epsin, epsout Dielectric constants for the protein interior and exterior, respectively. 
5 rionst Molar ionic strength of the solution. 
6 exrad, radprb Ionic exclusion and probe radius, respectively, in A. 
7 ibctyp Integer flag for boundary conditions (see below. 
3 t(rue)/f(alse) flags for the x,y,z axes for application of 
the ibctyp boundary condition. 
Number of linear iterations of the Poisson-Boltzmann 
equation. The character 'a' can be used for automatic 
convergence determination. 
Number of non-linear iterations of the Poisson-Boltzmann 
equation. 
11 iconc, ibios t(rue)/f(alse) flags controlling unit 14 output. 
t(rue)/f(alse) flag controlling unit 16 output. 
t(rue)/f(alse) flag controlling unit 19 output. 
8 iper 
9 nlit 
10 nnit 
12 isite 
13 iaout 
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14 toplbl 
15 isph 
Character string for documentation. 
t(rue)/f(alse) flag controlling how charge that does not 
fall exactly on a grid point is distributed. If false, a simpler 
algorithm is used. If true, an algorithm is used which gives a more 
spherical charge distribution. 
t(rue)/f(alse) flag controlling unit 20 output format. 
t(rue)/f(alse) flag controlling unit 21 output format. 
Character flags controlling what values are calculated by the 
program. Possible values are G, S, C or A. 
Two t(rue)/f(alse) flags and two integer flags controlling 
convergence reporting to log flie, calculated potential output to log 
file, iteration interval for convergence checking, and the denominator 
for the freiction of grid points to check for convergence (l=all. 
2=half...). 
16 
17 
18 
19 
The value for ibctyp can take on four vsdues which control the determination of boundary potentials. 
This material is adapted from the DELPHI User's Manual. 
ibctyp = 1 
The potential at the boundary is set to zero. 
ibctyp = 2 
The boundary potentials are determined by the Debye-Hiickel potential of a dipole equivalent to the 
charge distribution in the surrounding grid boxes: 
where <j> is the boundary point potential; q+, q_ are the sum of the positive and negative charges, 
respectively; r is the distance from the center of the grid box at the boundary to the charge; d is the 
Debye length, which is a function of the ionic strength (= k~^ from equation 18); and e is the dielectric 
constant. 
(1) 
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ibctyp = 3 
Potentials are read from unit 18, which are those calculated in a previous run of the program. This 
is the method of focusing which allows the output from a previous run to be used as the starting point 
for a further run. In practice, the scsde of the calculations is narrowed in successive runs. 
ibctyp = 4 
The potentials are calculated from the Debye-Hiickel i>otential of all the charges: 
with the definitions of terms the same as for ibctyp = 2 except q,- is the t"* charge and r is the distance 
from the lattice boundary point to this charge. This is the recommended vadue and was used throughout 
the worked example. 
The calculations are done through a shell-script which links the appropriate input files to FORTRAN 
unit numbers called by the program QDIFPXS, the routine within the DELPHI package that executes 
the calculations. This shell-script has been modified to include functions for removed of unnecessary 
files, compression of large files and text-searching to facilitate easier data retrieval. Annotations in 
parentheses on the right-hand side of the script denote which state of the system is being calculated. 
The file given below is an example of a focus run for the data file 2aas, which is comprised of 32 
individual coordinate sets with calculations being executed on each set. 
#! /bin/tcsh -f 
cd /usr/people/baker/DelPhi/2aas/H119/ 
setenv delphitezt '2aas His 119 multicalcs; igrid=69' 
set intsl 
nhile ( ${int> <= 32 ) 
date > hisll9-$-Cint}.out 
mv ../H105/2aas${int}.pdb.gz . 
gunzip 2aas${int}.pdb.gz 
gunzip hisll9-${int}o.pdb.g2 
gunzip hisll9-$<int}+.pdb.g2 
(2) 
hisll9.com 
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#echo " " » hisll9-${int>.out 
#echo ${int} » hisll9-${int>.out 
echo " " » hi8ll9-${int}.out 
echo $<int> $delpbitext » hisll9-$-Cint>.out 
echo " " » hi8ll9-${int>.out 
« 
# his 119 charged in vater (-i-.r) 
« 
In -s hisll9c.prm fort.10 
In -s def.siz fort.11 
In -s his119+.erg fort.12 
In -s hi8ll9-${int}+.pdb fort. 13 
In -8 hi8ll9-${int>+r.phi fort.14 
In -s hi8ll9-${int}+.pdb fort.IS 
In -s hisll9-${int}-«-r.frc fort. 16 
In -8 hi8ll9-${int}-<-r.eps fort. 17 
In -s hisll9-$'Cint>+r.pdb fort. 19 
/di8)c3/0elphi/export_v3/bin/qdiffxs > hisll9-$-Cint}->-r.log 
/bin/rm fort* •.eps 
# Focus run 
In -8 hisll9f.prm fort.10 
In -s def.siz fort.11 
In -8 hisll9-<-.crg fort. 12 
In -s hi8ll9-${int}+.pdb fort.13 
In -B hi8ll9-${int>+r.phi fort.18 
In -s hi8ll9-${int}+rf.phi fort. 14 
In -s hi8ll9-${int>+.pdb fort.IS 
In -8 hi8ll9-${int>+rf.frc fort. 16 
In -s hi8ll9-$-Cint}+rf.eps fort. 17 
In -s hi8ll9-${int}+rf.pdb fort. 19 
/dislc3/Delphi/0xport_v3/bin/qdiffx8 > hisll9-$<int}+rf.log 
/bin/rm fort* *.eps 
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/bin/xn *pbi 
» 
# bis 119 uncheurged in water (o.r) 
« 
In -s bi8ll9c.pn> fort.10 
In -s def.siz fort.11 
In -8 hisll9o.crg fort.12 
In -s bisll9-${intH.pdb foirt.13 
In -s hisll9-${int}or.phi fort. 14 
In -s hisll9-${int>+.pdb fort.15 
In -s hisll9-${int}or.frc fort.16 
In -s hisll9-${int}or.eps fort.17 
In -s bisll9-${int>or.pdb fort.19 
/disk3/Delphi/export_v3/bin/qdiffzs > hisll9-${int}or.log 
/bin/rm fort* *.eps 
#focus run 
In -s hisll9f.pm fort. 10 
In -s def.siz fort.11 
In -s hisll9o.crg fort.12 
In -8 hisll9-${int}+.pdb fort.13 
In -s hisll9-${int}or.phi fort.18 
In -s hisll9-${int}orf .phi fort. 14 
In -s hisll9-$'{int>+.pdb fort. 15 
In -8 hisll9-${int>orf.frc fort. 16 
In -8 hisll9-$'Cint}orf .eps fort. 17 
In -8 hi8ll9-$'(int}orf.pdb fort. 19 
/disk3/Delphi/export_v3/bin/qdiffx8 > hisll9-$-Cint>orf .log 
/bin/nn fort* *.ep8 
/bin/rm »phi 
« 
# his 119 cbeirged, protein with dipoles (+,d) 
# 
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In -8 hi8ll9c.pni fort.10 
In -8 def.siz fort.11 
In -8 hi8ll9-f.crg fort. 12 
In -8 2aa8${int>.pdb fort. 13 
In -8 hi8ll9-${int>4d.phi fort. 14 
In -8 hi8ll9-${int}+.pdb fort. 16 
In -8 hi8ll9-$'{int>+d.frc fort. 16 
In -8 hi8ll9-${int>'^d.ep8 fort. 17 
In -8 hisll9-${int}+d.pdb fort. 19 
/di8k3/Delphi/ezport_v3/bin/qdiffxs > hi8ll9-${int}+d.log 
/bin/m fort^ •.eps 
» focus run 
In -8 hisll9f.pm fort. 10 
lu -s def.siz fort.11 
In -8 hisll9-«-.crg fort. 12 
In -8 2aas${int}.pdb fort.13 
In -s hi8ll9-${int}-Hl.phi fort.18 
In -8 hisll9-$'{int}+df.phi fort. 14 
In -s hi8li9-${int>-t-.pdb fort. 15 
In -8 hisll9-$-Cint}-Klf.frc fort. 16 
In -8 hisll9-${int}+df.eps fort. 17 
In -8 hisll9-${int}->-df .pdb fort. 19 
/disk3/Delphi/export_v3/bin/qdiffxs > hisll9-${int>+df.log 
/bin/nn fort* ».ep8 
/bin/rm *pbi 
« 
# his 119 uncharged, protein with dipoles (o,d) 
# 
In -s hisll9c.pnn fort.10 
In -s def.siz fort.11 
In -8 hisll9o.crg fort.12 
In -s 2aas$-Cint}.pdb fort. 13 
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In -8 hi8ll9-|'Cint>od.pbi fort. 14 
In -8 hi8ll9-$'{int>-«-.pdb fort. 15 
In -8 hi8ll9-${int>o<l.frc fort. 16 
In -8 hi8ll9-${int>od.ep8 fort.17 
In -8 hi8li9-${int}o(l.pdb fort.19 
/di8k3/0elphi/export_v3/bin/qdiffz8 > hi8ll9-${int>od.log 
/bin/ra fort« ».ep8 
# focus run 
In -8 hi8ll9f.pm fort. 10 
In -8 def.siz fort.11 
In -8 hi8ll9o.crg fort.12 
In -8 2aa8${int}.pdb fort.13 
In -8 hisll9-${int>od.phi fort.18 
In -s hisll9-${int}odf.phi fort.14 
In -8 hi8ll9-${int}-«-.pdb fort. 15 
In -8 hi8ll9-${int>odf.frc fort.16 
In -8 hi8ll9-$'Cint}odf.eps fort. 17 
In -8 hisll9-${int>odf .pdb fort. 19 
/disk3/Delphi/ezport_v3/bin/qdiffz8 > hi8ll9-${int}odf.log 
/bin/rm fort* *.ep8 
/bin/m ophi 
« 
# his 119 chsurged, protein full charges (+,c) 
« 
In -s hisll9c.prD fort.10 
In -8 def.siz fort.11 
In -s hisll9-full.crg fort.12 
In -s 2aas${int}.pdb fort.13 
In -8 hi8ll9-${int}+c.phi fort.14 
In -8 hisll9-$-Cint>+.pdb fort.IS 
In -s hisll9-${int>+c.frc fort.16 
In -s hisll9-${int}+c.eps fort.17 
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In -8 hi8ll9-$'(int>-fc.p<lb fort. 19 
/disk3/0elphi/ezport_v3/bin/qdiffz8 > hi8ll9-${int}-*-c.log 
/bin/ra fort* *.ep8 
# focu8 run 
In -8 hi8ll9f.pra fort.10 
In -8 def.8iz fort.11 
In -a hisll9-full.crg fort.12 
In -8 2aa8${int>.pdb fort.13 
In -8 bisll9-$-Cint}-t-c.plii fort. 18 
In -8 hi8ll9-$-{int}->-cf.phi fort. 14 
In -8 hi8ll9-${int}+.pdb fort.15 
In -8 hi8ll9-${int}-*-cf .frc fort. 16 
In -8 hi8ll9-${int}+cf.eps fort.17 
In -8 hisll9-${int}-<-cf .pdb fort. 19 
/di8k3/Delphi/ezport_v3/bin/qdiffZ8 > hisll9-${int}-)-cf .log 
/bin/rm fort* *.ep8 
/bin/nn »phi 
« 
# his 119 uncharged, protein full charges (o,c) 
« 
In -s hisll9c.pnn fort.10 
In -8 def.siz fort.11 
In -s hisll9-full.crg fort.12 
In -s 2aas${int>.pdb fort.13 
In -s hisll9-$-Cint}oc.phi fort. 14 
In -s hisll9-${int>o.pdb fort.15 
In -s hisll9-${int}oc.frc fort.16 
In -s hisll9-${int}oc.ep8 fort.17 
In -s hisll9-${int}oc.pdb fort.19 
/disk3/Delphi/export_v3/bin/qdiffxs > hisll9-${int}oc.log 
/bin/rm fort* *.eps 
# focus run 
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In -s hi8ll9f.pnB fort.10 
In -s def.siz fort.11 
In -s hi8ll9-full.crg fort.12 
In -s 2aa8$'(int>.pdb fort 
In -8 hi8ll9-${int}oc.phi fort.18 
In -s hi8ll9-|-Cint}ocf.phi fort. 14 
In -s hi8ll9-${int}o.pdb fort.15 
In -s hi8ll9-${int}ocf.frc fort.16 
In -s hi8ll9-${int}ocf.eps fort.17 
In -s hisll9-${int}ocf.pdb fort.19 
/disk3/D8lphi/ezport_v3/bin/qdiffzs > hisll9-$-Cint}ocf.log 
/bin/nn fort* *.eps 
/bin/rn •phi 
« 
# his 119 charged, all protein charges (-t-,p) 
# 
In -s hi8ll9c.pnn fort.10 
In -s def.siz fort.11 
In -s hisll9-all.crg fort.12 
In -s 2aas${int>.pdb fort.13 
In -s hisll9-${int}+p.phi fort. 14 
In -8 hi8ll9-${int}+.pdb fort.15 
In -8 hi8ll9-${int>+p.frc fort.16 
In -s hisll9-${int}->-p.eps fort. 17 
In -8 hi8ll9-${int}+p.pdb fort.19 
/di8k3/Delphi/ezport_v3/bin/qdiffzs > hi8ll9-${int}+p.log 
/bin/rm tort* •.eps 
# focus run 
In -8 hi8ll9f.pna fort.10 
In -8 def.siz fort.11 
In -8 hisll9-all.crg fort.12 
In -s 2aa8$-{int}.pdb fort. 13 
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In -8 hi8ll9-${int}-«-p.phi fort. 18 
In -8 hi8ll9-${intHpf.phi fort. 14 
In -8 hi8ll9-${int}-i-.pdb fort. 15 
In -8 hi8ll9-){int>-fpf.frc fort. 16 
In -8 hisll9-${int>-«-pf.eps fort. 17 
In -8 hi8ll9-$'Cint}-t-pf.pdb fort. 19 
/disk3/0elphi/ezport_v3/bin/qdiffzs > hisll9-${int>-^pf.log 
/bin/xn fort* *.ep8 
/bin/rm *phi 
» 
# his 119 uncharged, all protein charges (o,p) 
# 
In -s hisll9c.pnB fort.10 
In -s def.8iz fort.11 
In -s hi8ll9-all.crg fort. 12 
In -s 2aas${int>.pdb fort. 13 
In -s hisll9-${int}op.phi fort.14 
In -s hisll9-${int}o.pdb fort.15 
In -s hi8ll9-$'{int}op.frc fort. 16 
In -8 hisll9-${int>op.eps fort.17 
In -8 hisll9-${int}op.pdb fort.19 
/di8k3/Delphi/ezport_v3/bin/qdiffzs > hisll9-${int}op.log 
/bin/nn fort» •.eps 
# focus run 
In -s hisll9f.prm fort.10 
In -8 def.siz fort.11 
In -s hisll9-all.crg fort.12 
In -s 2aas${int>.pdb fort.13 
In -8 hisll9-${int}op.phi fort.18 
In -8 hisll9-${int}opf.phi fort.14 
In -s hisll9-${int}o.pdb fort.15 
In -8 hisll9-${int}opf.frc fort.16 
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In -8 hi8ll9-$'Cint}opf.ep8 fort. 17 
In -8 hi8ll9-${int}opf.pdb fort. 19 
/di8k3/Dolphi/ezport_T3/bin/qdiffz8 > hi8ll9-${int>opf.log 
/bin/rs fort* •.eps •phi hi8ll9-${int>??.pdb bisll9-${int>??f.pdb 
gzip -9 2a&8${int>.pdb 
gzip -9 hi8ll9-${int}o.pdb 
gzip -9 hi8il9-${int}-)-.pdb 
«cho "Coarse reaction field energies:" » hisll9-${int>.out 
grep 'reaction field energy' hisll9-${int>??.log » hisll9-${int}.out 
echo " " » hisll9-$'{int>.out 
echo "Fine reaction field energies:" » hi8il9-${int>.out 
grep 'reaction field energy' hi8ll9-${int}??f.log » hisll9-${int}.out 
echo " " » hisll9-${int>.out 
echo "Coarse totzil energies:" » hisll9-${int}.out 
grep 'energy' hi8ll9-${int>??.frc » hisll9-$-Cint}.out 
echo " " » hi8ll9-${int>.out 
echo "Fine total energies:" » hisll9-$'Cint>.out 
grep 'energy' hi8ll9-$'{int}??f.frc » bisll9-${int>.out 
echo " " » hi8ll9-${int>.out 
cbaod 711 •.frc •.log •.gz •.out 
date » bisll9-$'{int}.out 
/bin/rm •frc 
/usr/bin/gzip -9 •log •out 
• int++ 
end 
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def.siz 
This file contains the atomic radius file and identical to the default file provided in the DEI.PHI 
example package. 
atom res_radius_ 
c 1.90 
o 1.60 
n 1.65 
h 0.00 
ca 1.86 
s 1.90 
p 1.90 
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APPENDIX C DELPHI RESULTS TABULATION 
This appendix contains the tabulated values generated by DELPHI. There are four sections, each 
containing the results for one histidine residue which is identified in the upper left-hand corner of the 
spreadsheet, as viewed in Izundscape orientation. Using this same orientatiuc, the left-most column lists 
the structure used in the calculations and the next four columns provide specific information about the 
calculation parameters such as the igrid value or the inclusion of structural ions. The 6'^ column contains 
the labels coarse and fine if the calculations used the focus method, where coarse denotes the initial 
\ow-perfil run to determine the boundary potentials and fine denotes the final calculations using the 
calculated boundary potentials as input. In some cases, such as those with varying dielectric constants, 
the word coarse was deleted and the dielectric value was substituted. This was purely convenience and 
these calculations used the same focus method. In the case of the solution structure 2aas, no input 
parameters are listed except for the structure number in column 2. Columns 7-14 list the individual 
energies in units of kT determined for each of the states. Column 16 gives the net electrostatic energy 
in units of kT; column 17 gives the same energy in units of kcal/mol; column 18 gives the change in pl<a 
(also called the pKa shift) and column 19 gives the resulting pKo value calculated. The final entries at 
the bottom of each table lists the mean, standard deviation, minimum and maximum pKa values for 
the 32 solutions structures. 
Bis 12 
igrlcT Z •d •r od or •c ec •P op ddO(kT) ddotkcal) dpKa pKa 
5raa 9 0.15 4^P04 •water coarse -2.16657 -17.81711 0.00310 -1.02578 11.25012 0.77598 -13.65055 -0.86788 7.29 -5.55 1.45 
fine -2.02303 -11.40964 -0.00688 -0.46545 li.AiSi6 -0.73429 -li.lilii -1.09461 10.66 iM -4.63 2.17 
brea 19 0.15 •P04 •water coarse -2.35358 -16.««$»8 -0.00684 -1.27565 16.83926 -0.72445 -19.71722 -1.16541 12.08 7.15 -5.24 1.56 
fine -3.13922 -18.22483 -0.02182 -0.86963 10.36030 -0.96984 -17.56671 -1.20475 ^.il 4.27 •5.15 3.67 
5rsa 29 0.15 •P04 •water coarse -2.58908 -16.70168 -0.01437 -1.31849 li.iiiii -0.63386 -20.06612 -1.23868 10.15 6.01 -4.41 2.59 
fine •3.25993 -16.620)5 -0.02156 -0.92653 il.»l2ii -17.63232 -0.97629 8.78 •3.81 2.99 
5r6a 39 0.15 •»P04 •water coarse -2.86878 -17.00584 -0.01512 -1.35785 12.18549 -0.94089 -18.02216 -1.14961 9.05 5.36 •5.95 2.47 
fine -3.23190 -16.65102 -0.02225 -0.94436 11.60176 -1.30789 -0.62775 8.91 5.27 •3.87 2.93 
Sraa 49 0,15 •P04 •water coarse •3.47857 -16.82152 -0.02488 -1.34950 11.44260 -1.24«3 -16.72975 -i.fXiO 5.1« -3.78 3.02 
fine -3.83023 -16.69003 -0.02682 -0.95084 10.74743 -1.31448 -17.57258 -0.77192 7.26 4.26 •5.15 3.67 
5rsa 59 0.15 •P04 •water coarse -3.38883 -16.88721 -i.<l26S'> -l.lJlli 11.74124 -1.22557 -ii.iim -0.99136 8.37 iM -3.63 5.17 
fine -3.64620 -16.72791 -0.02821 -0.94587 lA.Si)»2 -i.mu -17.30548 -0.71295 •>.45 4.55 •3.19 3.61 
5rsa 69 0.15 '*-P04 •water coarse -3.09227 -16.93526 -0.01938 -l.JMH 12.11385 -1.14663 -17.19748 -0.94326 9.S3 5.64 -4.14 2.66 
fine -3.85420 -16.72054 -0.02854 -0.95531 10.53215 -1.27827 -16.87214 -0.66346 7.S4 4.47 •3.27 5.55 
'iraa 79 0.15 •*^P04 •water coarse •3.06980 -16.89931 -0.02086 -1.32793 -1.26936 -17.32690 -6.«4U 9.66 5.72 -4.19 2.61 
fine -3.84875 -16.73355 -0.02859 -0.95255 -1.29739 -17.01608 -0.67999 '^.46 4.38 •3.21 5.59 
Srsa 89 0.15 •»PC4 •water coarse -3.48855 -16.91165 -0.02507 iiMiii -l.iiili -U.Uili -0.63886 8.23 4.47 -5.57 3.23 
fine -3.85885 -11.92910 -0.02870 -0.83481 10.4ii<S -1.25873 -6.68316 a.75 1.62 •1.19 5.61 
Sraa 99 O.IS 4-P04 •water coarse -3.64925 -16.86979 -0.02565 -1.31835 10.82833 -1.22099 -17.40549 -6.75362 7.32 4.34 -3.18 3.62 
fine -3.95196 -5.81424 -0.03041 -0.11853 ii.iiiti) -1.24590 -b.iiiii •3.08 •1.82 1.54 8.14 
Srsa 69 0.15 4P04 •water Nofocus -3.85432 -16.74342 -0.0285S -0.95395 10.50574 -1.27783 -16.82975 -0.66240 7.58 4.49 •3.29 3.51 
Srsa 69 0.15 •P04 •water eps • 2 •6.52343 -34.94548 -0.04148 -2.78508 22.07345 -2.23769 -ii.iilil -1.86061 18.34 16.84 •7.96 •1.14 
fine -8.25190 -34.52362 -0.06105 -1.99299 18.51492 -2.4i7il -32.88265 -1.29063 8.15 -5.98 0.82 
Srsa 69 0.15 •P04 •water eps « 30 -0.42406 -2.58036 -0.00239 -0.19099 3.69388 -0.26347 -4.04525 -0.20129 2.08 1.23 -0.90 5.96 
fine -0.49550 -2.53193 -0.00353 -0.13453 3.52924 -0.29429 -3.99068 -0.15083 1.89 1.12 -0.82 5.98 
Srsa 69 0.15 •P04 •water eps«80 0.00000 0.00000 0.00000 0.00000 1.57316 -0.09104 -6.86158 0.00519 -5.20 -3.08 2.26 9.06 
Srsa 69 0.05 •P04 •water coarse -6.51552 -34.94416 -0.04141 -2.78488 2ii.466di -i.Uiib -i.Htii 14. 16.5^ •4.64 •1.24 
fine -8.24313 -U.iiiii -0.06099 18.84555 -2.50601 -33.01195 13.98 8.28 -6.07 0.73 
Srsa 69 0.5 «P04 •water coarse -6.53651 -34.94846 -0.04159 -2.78558 21.68796 -i.iitils -33.43092 -1.85255 18.00 10.66 -7.82 -1.02 
fine -8.26685 -34.52710 -6.A<lii -i.iiiii li.liiri? -i.41S16 -1.28286 11.41 7.94 -5.82 0.98 
Srsa 69 0.15 -904 •water coarse -5.91877 -16.93526 -0.16294 -l.Jl«9 6.27409 0.12447 -30.99412 •1.45803 •i^.U • 8.02 5.88 12.68 
fine -6.72108 -16.72054 -0.37496 -0.95531 5.93027 0.26710 -29.40716 -1.97562 -7.51 5.36 12.16 
Srsa 69 0.15 4^P04 -wster coarse -7.71783 -16.93526 -0.06168 6.61710 -0.96182 -8.39549 -6.62397 4.59 -3.36 5.44 
fine •11.04337 -16.72054 -0.17719 -0.95531 -l.Aii4t -6.91656 -6.42932 5.08 5.61 •2.21 4.59 
Srsa 69 0.15 •P04 •water coarse -3.35014 -15.07510 -0.02350 -1.29247 10.92869 -1.38089 -37.03447 -i.HHti -13.97 -8.27 4.67 12.87 
diinv^ atom fine -3.77807 -16.87111 -0.02S04 -1.32183 10.44990 -i.iiiii -6.1i»il -16. •4.12 4.49 11.29 
Srsa 99 O.IS •P04 •water coarse -3.60009 -16.52296 -0.02463 -i.)44i« 10.98580 -1.34298 -36.19536 -la.li -7.17 5.24 12.64 
dumny atom fine -3.86675 -16.72041 -0.02955 -1.32532 ii.iiiii. -33.47080 -6.1Jli5 •16.26 -4.64 4.45 11.25 
7r8a ^9 6.i5 •water coarse -5.85633 -1.61445 -0.06679 -i.iiili i.i<t4i -0.97336 -34.10592 -75.45 -43.50 31.89 38.69 
fine -5.88619 -1.59719 -0.06576 -2.78402 1.12451 -0.94454 ii.64i»i -76.4< -41.75 30.60 37.40 
7rsa 69 0.15 •water No focus -5.88633 -1.59982 -0.06578 -2.78074 1.12077 -0.93952 -76.6i -41.5i 56.44 57.24 
— 7r8a 69 0.15 •water coarse -11.75474 -1.61445 -0.36971 -3.34570 0.62250 -0.69044 
-0'7^6456 
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igrid Z •d •r od or •c oc •P op ddOlkT) ddg(kcal) OpKm PK» 
2aaa coarse -2.87338 -11.03726 -0.09219 -2.70841 -3.43393 -0.08789 -22.99019 0.32299 -20.76 -12.29 9.62 15.82 
2aas fine •2.96958 -0.09684 •3.18176 -0.07229 -20.41990 0.69282 -19.04 -11.28 8.27 15.07 
2aaB coarae -2.92985 - io.9«aii  -0.09931 •2.66398 •4.57902 -ii.tUii 0.86277 -21.98 -13.61 9.94 16.34 
2aas Cine -3.08746 -0.06929 -2.49966 •4.28044 0.17610 -26.14ifi (i.Uii'l -26.li -11. i.11 IS. SI 
2aa8 coarae -2.78695 -11.00239 -0.09086 -2.68302 -4.85480 0.08497 -23.88378 0.57219 -23.81 •14.16 10.34 17.14 
2aas fine •2.89536 -10.«S«42 -0.09426 -2.49964 -4.62324 0.12243 -22.13886 0.21977 -21.99 •13.66 i .Sl  16.33 
2aaa coarae -2.82955 -10.94471 -0.09490 -2.63942 -4.57777 0.12214 -22.41800 0.69710 -22.24 -11.11 9.66 16.46 
2aaa fine -2.95271 -10.4299S -0.09899 -2.41708 —4.38112 0.13930 -20.72343 6.4j4}i -20.99 -12.19 8.94 IS. 14 
2aas coarae -2.73039 -11.04229 -0.04410 -2.70841 -5.84413 -t.iiiil -24.67914 -0.70499 -23.17 •11.12 10.06 16.86 
2aas fine -2.82019 -10.63«11 -0.04722 -2.49284 •5.18565 -0.86132 -23.13789 -0.J8997 -21.69 -12.89 9.42 16.22 
2aas coarae -i.49693 -11.07«6a -0.09778 •5.32532 -0.18634 -23.04998 -6.61244 -22.66 -11.42 9.84 16.64 
2aa8 fine -3.03671 - lo.S«il  -0.06419 -2.92912 •4.91456 -0.14011 -21.Alii4 6.2»« •21.02 -12.49 9.11 IS.91 
2aa8 coarae -2.90614 -11.02100 -0.09886 -2.69472 •4.42347 0.17447 -23.64637 6.26i68 -23.03 -13.64 10.00 16.80 
2aas fine -3.05032 -10.S1409 -0.06728 -2.46693 •3.99109 0.24187 -21.97819 0.48298 -21.21 -12.SI 9.11 16.62 
2aas 8 coarae •2.74874 -ii.l461< -6.69068 -2.77994 -4.81318 0.12039 -22.93949 0.23432 •22.04 •13.09 9.97 l i . l l  
2aa8 8 ^ine •2.83548 - i6 .94iii -6.6ti l '> -i.iiiii •4.50456 6.1^46i -21.63441 -0.04924 -21.04 -12.46 i . l4 lS.i4 
2aas 9 coarae •2.82466 -10.99671 -0.04818 -2.68699 •4.06858 0.07346 -22.94624 -6.61111 -21.54 •12.76 i . lS 16.15 
2aas 9 fine -3.09456 -10.52177 -0.06376 -2.46930 •3.60842 0.10009 -20.20133 0.40179 -19.28 •11.42 8.37 IS. 11 
2aa« 10 coarae •2.86209 -11.04764 -0.09606 -2.71841 •4.24519 6.6i414 -22.i4»l 0.07991 •21.44 -11.16 9.11 14.11 
2aa8 10 fine -2.96523 -10.90326 •0.09779 -2.46449 •4.13126 0.097S7 -21.08438 6.2Si»l  -20.40 -12.08 8.86 15.66 
2aa8 11 coarae -2.83281 -11.06143 -0.09333 -2.72991 •4.76979 0.16904 -2i .<4i2) 0.38132 -23.41 •13.86 10.16 16.96 
2aa8 11 fine -2.94608 -10.61412 -0.09782 -2.92040 -4.61707 0.12839 -22.93998 6.16m -22.2) •11.11 i.tt 16.46 
2aaa 12 coarae -2.81777 -11.06123 -0.09028 -2.72384 —5.22877 -0.01913 -23.70226 0.43691 -23.78 -14.68 16.11 11.11 
2aa8 12 fine •3.07139 -10.601S9 -0.06412 -2.92910 •4.82290 -0.00994 -21.76081 0.17791 -21.69 •12.84 9.42 16.22 
2aa8 13 coarae -2.75542 -11.07129 -0.04922 -2.73887 -4.97094 0.12136 -22.74987 6.61919 -22.44 -11.2> 16. S4 
2aas 13 Cine -3.08113 -10.6217« -0.06909 -i.um -4.09979 0.18913 -20.27831 6.»6<i -26.61 -11.81 IS.SI 
2aas 14 coarae -2.79294 -A.6S6A'> -2.68464 -6.30009 -0.11697 -23.88621 -0.89496 -23.60 -13.98 16.29 17.09 
2aes 14 fine -3.01219 -10.93932 -0.06092 -2.44263 —9.73386 -0.07287 -21.96169 -6.42682 -21.66 -12.83 ».41 16.21 
2aas IS coarae •2.80656 -10.91691 -0.09064 -4.61172 -6 .2tri2a -2i . i) l i l  -0.47740 -21.88 -12.99 9.90 16.30 
2aa8 IS fine -2.94319 -10.96811 -0.09928 -2.42278 -4.24390 -6.16912 -21.96307 -0.29934 •20.09 -11.90 8.72 1S.S2 
2aas 16 coarae -2.8320S -11.07481 -0.09212 -2.74196 -9.18629 6.19004 -21.80897 -0.10214 -21.93 -12.79 t.is 16. IS 
2aa8 16 fine -2.94313 -10.98756 -0.09603 -2.47922 -4.92207 0.11617 -20.67909 -6.17611 -26.32 -12.61 8.82 15.62 
2aa8 17 coarae •2.79092 -10.9978S -0.04836 -2.69189 -3.67709 -6.116^6 -21.80987 6.81*26 -26.64 -12.21 8.96 IS. 16 
2aa8 17 fine -2.93283 -10.96097 -0.09382 -2.43764 -3.27898 -0.09213 -19.72494 1.01689 -18.64 -11.6S 8.10 14.96 
2aa8 18 coarae -2.79635 -11.10246 -0.0S260 -2.79291 -4.79600 0.07886 -23.38908 6.62111 -22.68 -11.41 9.8S 
i'.TR 
16. ii 
2aaB 18 fine •2.96617 -10.62593 -0.06010 -2.93094 -4.94784 0.09162 -21.02692 6.JS0S7 -20.81 -12.11 19.84 
2aa6 19 coarae •2.77690 -11.04339 -0.04778 -2.71943 -4.36879 0.08162 -23.28296 -6.64914 -22.6i -11.68 i.ii 
2aa8 19 fine -2.88831 -10.93419 -0.0S507 -2.90831 -4•31082 6.09612 -21.77963 -6.29664 -26.64 -12.22 t.ii IS.16 
2aa8 20 coarae -2.85116 -0.09349 -2.70818 -4.61274 0.07300 -22.96839 0.47666 -22.26 •15.IS 9.64 16.44 
2aas 20 fine -li.iiiii -4.38339 0.12999 -20.95492 0.27841 -26.41 -12.14 *. i6 19.70 
2aa3 21 coarae -2.65015 -11.09109 -0.04200 -2.74784 -9.82198 -0.97976 -29.29327 -0.92787 -21.*8 -14.14 10.37 11.11 
2aas 21 fine -2.80485 -10.70042 -0.04837 -2.94009 -9.13818 -0.30769 -23.07906 -0.4-t9li -21.41 -12. 9.30 16.10 
"^31893 ~23D5S98 0726612 
' 6Ty96e7 
—-ir. '2« 
-22T67 
••^^-I4.T7 w:s5 T>.1i 
_;~T6T18 
19795 
"197 94 
2aas 
2aas 
_ __ 
2aas 
2aas 
22 coarae -2.85047 -11.04988 -0.09276 -2.72026 -6.14729 
22 fine -3.03782 -10.99499 -0.06188 -2.49971 -9.99907 -67197^1 -2T. 49229 -11.61 
-3.03775 
-3.09154 
"^d7063'46 
-6.06987 
~5T66S06 
-2 •.48 931 
~r6B'527 
-3.982^2 
0.2fSl3 
1 , 
23 
23 
coarae 
£Ine_ 
-10.97838 
-10764971 
-22.12611 6.17678 -21.67 
-10.12 
-12.48 
-11.91 
9.19 
8.74 1 0.19888] -20.89283 0.62399 
Eim 41 
igrld I •d •r od or •c oc •p op ddOlkTI cldg(kcal) <i^Ka pKa 
2aa8 24 coarttt •2.67193 -11.15919 •0.0463( -2.(0516 -4.»lii 0.05379 -33.84950 -0.61221 -ii.ii •13.20 i.ii ii.ii 
2aa8 24 fina •2.84398 -10.56907 -0.05390 -2.54272 -4.}4<61 0.14714 -21.54429 -0.20548 -k0.60 -12.20 8.94 n.u 
2aa8 25 coarse •2.90086 -11.01131 -0.05235 -2.70601 -4.30940 -0.01121 -21.696)1 0.50757 -ii.ii •12.39 9.09 15.fl9 
2aas 25 fine -3.15413 -10.55053j -0.07051 -2.50900 -3.71259 0.09335 -19.03384 0.60000 -18.49 •10.95 U.ii 
2aa8 26 cofrae -2.69136 -11.16174 -0.04641 -2.(07(9 -4.5(4(3 -0.0145( -34.11228 -0.38421 -ii.ii •13.38 i.il li.il 
2aa8 26 fine •2.91679 -10.60392 -0.05564 -2.543(7 -4.)414( 0.03934 -21.41)88 0.30686 -20.90 -12.38 9.08 IS.88 
2aa8 27 coarae -2.79118 -11.12935 -0.05012 -2.77461 -5.61603 0.13)2) -24.77)21 -0.31779 -24.59 -14.56 Id.<8 17.48 
2aa8 27 fine •2.98439 -10.58996 -o.oiil) -2.S2A16 -S.3f2<3 0.108)0 -22.07))6 0.02456 -22.44 9.U i i .U 
2aa8 26 coarae -2.90507 -11.02359 -0.05609 -i.WlH -i.iiUi i.iiiU -22.98)20 0.48434 -2).0) -13.64 10.00 16.80 
2aa6 28 fine •3.00196 -10.55(23 -0.06078 -4.67413 0.11593 -21.50099 0.50)46 -21.74 •13.87 9.44 1^.24 
2aa8 29 coarae -3.02059 -11.0)611 -0.05729 -2.71272 -4.026S( 0.30022 -21.12212 0.66856 -20.76 -12.29 9.61 1&.81 
2aa8 29 fine -3.16867 -10.59616 -0.07092 -2.49603 -). 96948 0.25206 -19.6806G 0.S7582 -19.48 •11.53 8.46 15.26 
2a88 30 
30 
coarae 
fine 
•2.82084 
•3.05190 
-11.02(51 
-10.5671) 
-0.05216 '2.699(1 "4.79021 -0.00691 -21.ji21< -0.16854 -20.91 
—hivn 
9.68 IS.88 
2aa8 
2aa8 31 coarao -2.85327 -11.0522) -0.0S221 -4.ii4<4 -0.15239 -22.64779 0.1)789 -22.04 - i i .6S 9.57 16.37 
2aas 31 fine -2.96920 -10.63020 -0.05(09 -2.50229 -0.1850( -2i.4->l57 -0.31161 -20.5) •12.16 8.92 15.« 
2aa8 32 coarae -2.83205 -11.07481 
-10.5"575? 
-0.05212 -2.74196 
-2.47522 
t.liibi 
—SOriTf 
-O.loilj  -ii.ii 
—-I5T55 
9.35 1<.14 
2aa8 32 fine •2.94313 
n • )2 Mean ii.Ji SD 0.46 
Max 16.54 Min 14.83 
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igrid I •d •r od or •c oc •P op ddOdcTI ddgikcal) pKa 
-6.1)212 -0.04834 —-7.^5)54 —-1.92(i4 —"-xrw —nrrsT TVL 2aaa coarse -4.87671 -11.00734 -0.78706 
2aa8 fine -5.41587 -10.53176 -0.89977 -2.65923 -A.tilii -0.04239 -7.92387 -2.39030 -2.22 -1.3 0.96 
2aa8 coarse -4.86590 -11.06881 -0.75924 6.61ii6 -i.nm -8.79194 -2.60032 •1.88 •1.1 6.4 7.62 
2aas fine •5.47944 -10.514a4 -0.89022 -2.65043 -A.6ii<i -7.62457 -i.iiiii •2.03 •1.2 A.i 7.68 
2aas coarse -5.01599 -11.01243 -0.85001 -2.69133 -0.12160 -0.06052 -9.76111 -i.iiiii •3.31 -1.9 1.4 h.U 
2aai fine •5.24115 -10.49319 -0.8499S -2.63891 -0.09)98 -0.06)24 -9.(5082 -2.743)9 •3.48 •2.0 l.S 
2aas coarse •5.14163 -11.04285 -0.7402! -i.liiXi •0.14829 -0.06556 -9.21433 -3.65150 •2.73 1.1« 
2a«s fine •5.32374 -10.54500 -0.88346 -2.6C841 -0.09423 -0.05)18 -8.79813 -2.656)1 -2.75 •1.6 1.15 ?.55 
2aa8 coarse •4.63421 -11.04347 -0.<!204 -2.7)727 -0.04676 -0.07638 -8.78014 -2.43(65 -1.99 •1.1 0.86 
2aa8 fine •5.46352 -10.57915 -O.908O4 -2.70058 i.OlSii -6.6ii70 •8.50911 -2.71285 •2.40 •1.4 1.0 tM 
2aas coarse -5.13883 -10.96790 -0.89713 -2.66899 6.U1«7 -0.02581 •9.55665 •2.4)59) •2.90 •1.7 1.26 ft.66 
2aas fine -5.57529 -10.48597 -0.93877 -2.63147 0.14017 -i.iiiii -8.32077 •2.69 •1.6 1.17 7.97 
2aa8 coarse •4.74482 -10.98289 -0.82947 -2.67965 -0.18526 
-0.13592 
-0.06644 -2.7026) *2.58 1.12 7.92 
wm 2aas fine •5.32166 -10.47244 -0.89473 
2aas 8 coarse •4.89738 -10.98344 -0.73765 -2.68021 -0.24514 -0.07174 -8.60171 -2.26518 •2.37 •1.4 1.03 7.83 
2aas 6 fine -5.60333 -10.47309 -0.90454 -2.62401 -0.14948 -0.05159 -8.40507 -2.52501 •2.83 •1.6 1.2 8.03 
2aa8 9 coarse -5.16524 -11.01558 -0.86091 -2.70224 -0.16760 -0.06848 -8.29368 -1.97801 •2.41 •1.4 i.A t.U 
2aa8 9 fine •6.16985 -10.53199 -1.00295 -2.66275 -0.10986 -0.05776 -7.112ii -2.10111 •2.36 •1.4( 1.0 7.83 
2aa8 10 coarse -5.59210 -10.99729 -0.95150 -2.69904 -A.lK^i -6.6<21i -9.S006S -2.64371 •3.26 -1.9 1.4 A.22 
2aa8 10 fine -6.09635 -10.49262 -1.00906 -2.63128 -0.07380 -0.04345 -8.79805 -2.57490 -3.48 -2.0 1.& 8.31 
2aa8 11 coarse -4.86407 -11.07595 -0.65084 -2.76989 -0.42419 -0.09718 -9.54612 -2.50126 •3.28 •1.9 1.4 4.22 
2aa8 11 fine •5.27606 -10.54147 -0.90203 -2.66443 -b.iiiii -O.Oiiii -9.15)35 -2.79235 •3.10 •1.8 1.) 8.15 
2aas 12 coarse -4.87279 -11.00596 -0.68959 -2.68927 -0.35530 -0.09119 -8.92234 -i.17244 •2.88 •1.7 1.2S 8.05 
2aas 12 fine -5.53524 -10.488^ -0.89884 -2.63978 -0.27987 -0.07903 -8.33292 -2.38774 -2.92 •1.7 1.2 8.07 
2aas 13 coarse -4.70382 -11.05740 -0.78028 -2.74347 -0.42729 -0.11088 -9.19551 -i.iiiii -2.90 •1.7 i.U 8.06 
2aa8 13 fine •5.26205 -10.51397 -0.87443 -2.<5811 -0.)))2i -0.08954 -8.75700 -i.iiiii •2.96 -1.7 1.2 ft.65 
2aa8 14 coarse -4.59196 -11.14012 •0.72326 -l.lJilJ -i.iUii -0.09466 -10.89944 •3.86475 l.» 8.09 
2aa8 14 fine -5.08579 -10.57440 -0.86652 -2.68138 -6.ii4l7 -0.07667 -9.14502 -3.77954 -2.87 •i.'? 1.: 8.05 
2aa8 15 coarse -4.69439 -11.14973 -0.77896 -2.79972 -0.07754 -0.06554 -10.57083 -3.764(1 •3.38 -2.0 1.4 ft.2? 
2aa8 15 fine -5.30767 -10.54581 -0.88212 -2.66903 -0.01925 -0.05995 -10.57948 -3.31193 •3.88 •2.3 1.6 ft.4ft 
2aa8 16 coarse -4.63279 -11.02372 -1.03963 -2.71530 -i.iiiii -O.Ailtl -10.13553 -2.54453 -2.95 •1.7 1.2« 8.08 
2aas 16 fine •5.36412 -10.50009 -0.87800 -2.64031 -0.05471 -0.05008 -9.53397 •i.7S4tl •2.0 1.4 ft.2ft 
2aa8 17 coarse -5.33594 -11.04492 -0.87071 -2.69651 -6.017)7 0.00414 -7.871)4 -1.7)4(6 -2.28 -1.3 tM 1.75 
2aa8 17 fine -5.90731 -10.60588 -6.^7941 -2.55806 0.01749 0.00730 -6.85908 -1.60803 •2.12 •1.2 6.52 1.72 
2aa8 18 coarse -5.80172 -11.04228 -0.67918 -2.71621 0.22695 0.061)5 -5.29568 -0.03305 •1.89 •1.1 6.62 7.62 
2aa8 18 fine -5.98729 -10.63239 -0.97203 -2.56990 i.iisii 0.64)87 -5.66097 -6.((iSi -1.76 -1.0 6.^ 7.56 
2aa8 19 coarse -5.73721 -11.06637 -0.94298 -2.73503 -0.0)8)2 0.0011) -7.))748 -1.56488 -2.27 •1.3 0.99 7.79 
2aa8 19 fine -5.92170 -10.58201 -0.96577 -2.56681 0.03573 0.61562 -I.iiiii -1.S6674 -2.43 •1.4 1.0 7.64 
2aa8 20 coarse -4.80474 -11.12764 -0.67680 -i.iiiii 0.00063 0.01)93 -8.55555 -3.00668 -2.30 -1.36 1.66 7.80 
2aa8 20 fine -10.68889 -0.89281 -2.60014 i.iiiii -A.66ii< -8.0720) -2.17500 •2.33 •1.38 1.61 7.81 
2aas 21 coarse -5.05787 -11.05032 -0.59040 -2.70161 -0.00630 0.03500 -7.85677 -1.26423 -2.75 •1.6 I.i6 6.00 
2aas 21 fine -5.84932 -10.59545 -0.94526 -2.52187 -0.00194 0.01924 -7.)6)<l -1.4iii4 •2.73 •1.6 1.19 7.99 
2aa8 
2aas 
—-I:T3 coarse -5.78368 -11.07701 -0.96530 -2.73921 0.41317 0.11645 -7.«0689 -1.4S923 -1.3 1.0 7.81 
22 fine -6.12493 -10.61864 -0.97899 -2.55385 0.40110 0.10929 -6.47065 -0.981(3 •2.28 •1.35 6.T9 7.79 
"~-0:850S9 
" -1.01640 -2.44473 
~-0.09754 
-0.03137 
""^61369 ^'87652^7 ""^.45974 
--
-i.lTl 
•2761 
•~-r779 
" -r.ss 
rrii 
"'1.13 
^STii 2aas 
2aas 
23 coarse -5.50271 -10.94233 
-10.48836 23 fine -6.34370 0.00115, -5.94172 -0.645C1 
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igrid I •d •r od or •c oc •P op ddg (ktt IdGfkcal dpKa pKA 
Srsa 9 O.IS •P04 •wat«r coarse -1.91992 -24.1636S -0.01475 -1.75007 5.58746 i.32^61 -<.94122 -6.36335 19.19 11.37 -8.33 -1.53 
Cine -2.81113 -15.1S615 -0.01224 -1.66764 18.40090 1.37507 -13.15546 0.32290 14.41 8.53 -6.26 0.54 
Srsa 19 0.15 +P04 •water coarse -2.98390 -27.18411 -0.01282 -2.42050 16.99886 1.17237 -13.96648 0.35840 23.2i 13.79 -10.11 -3.31 
Cine -15.33985 -19.33749 -0.21048 •0.50101 -9.89949 -1.35930 -1.28 -0.76 0.56 7.36 
Srsa 29 0.15 •P04 •water coarse -11.67241 -27.73603 -0.27827 -i.iiiii 8.57850 •0.55SS0 -8.24619 -0.51563 15.04 8.91 -6.53 0.27 
fine -12.76511 -0.72617 7.76025 0.95022 -11.13656 -1.79705 3.11 1.14 -1.35 5.45 
Srsa 39 0.15 •P04 •water coarse -12.39740 -28.09622 -A.lilii t.69»4S -i2.&«2i -1.12525 8.61 5.10 -3.74 3.64 
Cine -13.35926 -20.95678 -0.41332 8.03415 1.06509 -10.14562 -0.89253 3.07 1.42 -1.33 5.47 
Srsa 49 0.15 •P04 •water coarse -14.20174 -27.89206 -0.82600 -2.84666 6.60813 0.40238 -7.52954 -0.90162 11.25 6.66 -4.88 1.92 
fine -21.18i<A -0.32255 -2.64069 7.50646 0.78102 -10.01150 -0.96896 2.83 1.68 -1.23 5.51 
Srsa 59 0.15 •P04 •water coarse -11.83616 -27.89463 -0.38580 19.iSi6A 0.94483 -10.46437 -1.24684 22.68 13.43 •9.45 -3.65 
Cine -6.4SM3 7.04232 0.68370 -9.76835 -0.91207 2.54 1.51 -1.11 5.69 
Srsa 69 0.15 •PC4 •water coarse -14.18657 -27.88536 -0.49644 -2.82262 7.47551 0.54414 -9.19692 -0.77556 i.H 5.85 -4.29 2.51 
Cine -21.26653 •0.48406 -2.65481 0.86602 -9.58530 -0.88930 2.62 1.55 -1.14 5.66 
Srsa 79 0.15 •P04 •water coarse -11.05847 -27.95712 -0.28962 -2.84286 8.85237 1.19717 -10.87726 -1.05861 12.18 7.21 •5.29 1.51 
fine -13.84200 -21.28387 -0.42888 -2.65055 0.86898 -9.77234 -0.88258 2.88 1.70 •1.25 5.55 
Srsa 89 0.15 •P04 •water coarse -12.93644 -27.91729 -0.30538 -2.87486 8.50018 1.15518 -10.67967 -1.08157 10.16 6.02 "• "-i.fl 2.39 
Cine -13.77860 -18.79884 -0.51389 -2.58476 7.35467 0.92361 -9.55814 -6.944<1 0.77 0.45 -0.33 6.47 
Srsa 99 0.15 •P04 •water coarse -12.98490 -27.86081 -0.36795 -2.83026 7.82668 bMtii -i.iiiil -0.85708 16.14 4.62 -4.41 2.3» 
Cine -14.10669 -6.04295 -0.53324 -0.27964 7.08925 0.88044 -9.34931 -0.89784 -10.05 -5.95 4.37 11.17 
Srsa 69 0.15 * f O A  •water Nofocus -14.36032 -21.21749 -0.48406 -2.65737 7.30073 4.8<S8« -9.54642 -0.89074 2.54 1.52 -1.11 5.49 
Srsa 69 0.15 *POi •water eps • 2 -30.73403 -57.49934 -1.08173 -5.89979 0.86627 -17.42941 -1.3455» 14.21 i .44 -7.67 -6.27 
fine -30.02678 -43.82170 -1.04546 -5.54361 11.29986 l .S«« -1».J1S« -1.4*964 2.44 1.45 -1.06 5.74 
Srsa 69 0.15 •P04 •water eps • 20 -1.69756 -4.27173 -0.05583 -0.39595 3.56477 0.23349 -2.64982 -6.25335 3.11 1.88 -1.34 5.42 
Cine -1.91097 -3.25965 -0.0S809 -0.37149 3.47485 i.iiiit -2.68304 -6.22157 1.75 1.64 -6.74 4.64 
Srsa 69 0.15 fP04 •water eps«86 0.00000 
1 
0
 1
 
i.iiiii 1.85366 0.12489 -0.15135 -5.94 -3.54 2.46 9.46 
Srsa 69 6.6^ •P04 •water I a 0.05 -14.15794 -27.88345 -0.49632 -i.iiiii 8.07208 A.SiAAl -9.27821 -0.76728 10.40 6.16 -4.52 2.28 
fine -14.23328 -21.26521 -0.48398 -2.65451 7.91405 0.87823 -9.68376 -0.88287 3.16 1.83 -1.34 5.44 
Srsa 69 •P04 •water I - 0.5 -14.23569 -27.88915 -0.49672 -2.82337 6.72637 -9.26511 -0.78744 9.12 5.46 -3.96 2.84 
Cine -14.30309 -21.26955 -0.48424 -2.65556 6.62535 0.84314 -9.56753 -0.89854 1.91 1.13 -6.83 5.97 
Srsa 69 0.15 -P04 •water coarse -14.54738 -27.88536 -0.51673 3.44917 -0.19935 -20.92524 0.17892 -6.42 -3.80 2.79 9.59 
fine -15.17161 -21.26653 -0.55102 -2.65481 3.17833 -0.25696 -18.65899 0.17892 -11.41 -6.76 4.94 11.76 
Srsa ^9 6.1^ • P04 •water coarse -16.17912 -27.88536 -0.69855 -2.82262 4.50039 0.29001 -3.68079 -0.32011 10.43 6.18 -4.53 2.27 
fine -15.27856 -21.26653 -0.76644 6.ilS33 -4.43285 -6.32611 4.45 2.44 -l.»3 4.47 
Srsa 69 6.1^ • P04 •water coarse -11.82184 -26.00967 -i.libit 0.80200 -27.10258 -1.01786 -5.82 -3.45 2.53 4.33 
dumny atoms fine -14.32963 -28.20329 -0.54578 -2.68200 7.i7485 0.89156 -23.00751 -6.18139 •  -4 .11 -2.43 1.74 4.54 
7rsa 6.15 •water coarse -25.07769 -1.57501 •1.66553 -0.50582 1.41851 -li.liiH 17.47228 -44.35 -38.11 27.94 34.14 
fine -26.01189 -1.28862 -2.30828 -3.18996 •0.23649 1.61680 -18.73128 11.75467 -43.94 -37.47 27.77 34.51 
7rsa ^9 6.1^ •water No focus -26.01413 -1.28752 -2.30830 -0.24163 1.62305 -18.57611 17.61334 -63.67 -37.70 27.65 34.45 
7rsa 69 O.IS -water coarse -27.58361 -1.57501 -2.81983 -3.34594 0.11657 0.86280 -3.09864 2.81813 -33.26 -19.44 14.42 21.221 
3m3 
Cine -i.iiiii -2.62572 -3.18996 0.10^04 0.67086 -2.82323 2.75992 -32.72 -19.34 14.21 21.611 
69 ^0T2ir53 -?rrs9 -12754 0.15 •804 •water coarse -22.66424 -1.64549 -1.91338 -3.41775 -0.13774 'fl.5«i5 -^Tniro 4.51 14.31 
Cine •24.86093 -1.60602 -i.Uiii -2.86961 -6.1226^ ^ -0.1215^ 0.63535 -0.13710 -22.81 -13.51 9.90 16.70 
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igrid I •d •r od or •c oc •P op ddg (ktl IdOfkcai: dpKa pKa 
2aas 24 coarsa -9.77283 -11.03142 -2.00847 -2.72251 -0.23386 1.16400 -5.84468 1.83500 -8. S3 •5.05 s.n 16.SI 
2aas 24 fins -9.83807 -10.17651 -1.90104 -2.25488 -0.04404 1.02201 -5.35361 1.48639 -*>.42 •4.63 10.20 
2aa9 2S coar8e -7.54778 -10.97882 -0.80423 -2.69423 -0.14791 1.38373 -6.36618 3.16656 *8.42 -4.99 i.66 16.46 
2aas 2S fine -10.04321 -10.29980 -1.87463 -2.29558 -0.11545 1.01106 -5.50120 1.60990 -8.40 •4.98 3.65 10.45 
2aas 26 coarce -9.2454« -11.01087 -1.47889 -3.71490 -0.27119 1.31340 1.78500 -8.85 -5.24 10.64 
2aa8 ii fine -10.45823 -14.517« -2.30393 -0.25394 0.77474 -5.28017 1.11556 -7.53 •4.46 10.07 
2aas 27 coartfe -9.67292 -10.95098 -1.35875 -2.66366 0.81787 1.66458 -S.S21$i 3.13075 -9.52 •5.64 4.13 ifl:si 
2aas 27 fine -10.16174 -9.93747 -2.00195 -2.18772 0.84846 1.A43SS -4.38927 1.78188 •4.01 2.94 9.74 
2aa8 28 coarse -8.98757 -10.93396 -1.30933 -2.65889 0.96025 1.30441 -$.80012 3.24857 -7.80 •4.62 16.14 
2aas 28 tine -9.59434 -10.19374 -1.85402 -2.25047 1.08540 1.18331 -5.10013 1.80004 —(. 80 •4.02 2.95 9.75 
2aa9 29 coarse -7.22786 -11.08091 -0.75043 1.47709 -5.60791 1.98347 -6.17 •S. 2.68 9.48 
2aa8 29 fine -8.68235 -10.11724 -1.33674 -3.27611 0.67531 0.89450 -4.ilS}2 1.33634 •3 .48 2.SS 9.35 
2aas 30 coarse -9.39158 -10.97392 -1.55205 •2.69150 0.16430 1.37986 -5.45720 3.19835 —8 • 4) •4.99 3.66 10.46 
2aas 30 fine -10.24880 -10.09869 -2.08274 -3.24456 0.20561 -4.72607 1.34S90 -7.04 •4.17 3.06 9.86 
2aas 31 coarse -9.33554 -10.88699 -1.53937 -3.63483 0.58250 0.42078 -5.40116 1.3SS66 -6.14 •3.64 2.67 9.47 
2aas 31 fine -10.65849 -10.25742 -2.29678 -I.iiiii 0.55547 0.33639 -4.61729 0.86364 -5.66 •3.35 9.26 
2aB8 32 coarse -7.69525 -11.00020 -1.43290 -2.70047 -0.16561 0.13600 -5.92033 -0.93810 -3.25 -1.92 1.41 8.21 
2aas 32 fine -9.26048 -10.48762 -2.16717 -i.iilll -A.AiSSS 0.13476 -4.85828 -0.57307 •3.38 •2.00 1.47 8.27 
n • K««n SD 1.26 
Max 10.51 Mln 5.97 
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